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Summary 
 
Many salt bodies contain large carbonate or anhydrite inclusions (so-called rafts, floaters 
or stringers) and these respond to the movements of the salt in a variety of ways, including 
displacement, folding and fracturing. The process of the movement and deformation of 
salt bodies and embedded carbonate or anhydrite inclusions has not been fully understood. 
In particular, no numerical research has been done to simulate the brittle deformation of 
individual stringers in the initial phases of salt tectonics.  
 
Through collecting rocksalt rheology data from laboratory experiments from published 
literatures and combining with the analysis from microstructure of naturally deformed 
rocksalt at low stress, we simplify the rock salt rheology to Power law creep (n=5) and 
Newtonian creep (n=1) with the appropriate material parameters in the salt tectonics 
modeling. 
 
Meanwhile, geomechanical modeling on the gravitational sinking of stringers are provided 
as one other effective approach to investigate the relation between velocity and 
displacement of stringers and long-term deformed salt rheology. This method also 
contributes to the consideration of the appropriate rheology in the salt tectonics modeling 
on a case study from South Oman Salt Basin.  
 
In addition, we also propose a new method to evaluate long-term deformation salt 
rheology by inverting the gravitational sinking of anhydrite inclusions (“stringers”) using 
a case study from Zechstein salt which was tectonically inactive in the Tertiary. The 
results of geomechanical model are compared to the seismic observation of stringers and 
then we conclude that the rheology of the Zechstein salt masses in the Tertiary follows 
power law creep. Since the sinking displacement and velocity of stringer fragments are 
very sensible to the salt rheology, we can invert the sinking process with different salt 
rheology and compare the numerical result with the observations in the seismic data to 
investigate the possible salt rheology. We can conclude that the modeling of gravitational 
sinking can be an effective approach to measure salt rheology.  
 
IX 
 
We presented numerical models of deformation of salt body with embedded stringers 
using the case study from the South Oman Salt Basin. We used Abaqus package (finite 
element models) to explore how the salt flow and the associated deformation of stringers 
(including both brittle and viscous material properties) is influenced by passive tectonic 
process. 
 
In our research, the main work was to use and develop techniques in Abaqus to make 
models of rheological behaviour of salt tectonics and brittle or ductile behaviour of 
carbonate stringers embedded in salt. A series of techniques were used in order to make 
successful models. We simplified the geometry obtained from seismic data, define 
carbonate or anhydrite and rocksalt material, model passive tectonic process through 
applying boundary conditions, model large displacement through adaptive remeshing 
technique, model consequent brittle fractures through an iterative scheme which includes 
stress monitoring, stringer breaking, material replacing and calculation restarting by 
adaptive remeshing techniques.  
 
The simplified model offers a practical method to investigate complex stringer motion and 
deformation. The brittle and ductile deformations of embedded stringers in both 
compressive and tensile environments have been investigated in our research. Models 
suggest that brittle stringers can break very soon after the onset of salt tectonics. The 
extension can make brittle stringer to fracturing and boudinage while the compression can 
make brittle stringer bending, fracturing and thrusting. Models suggest that viscous 
stringers have folding and extension deformation. Results also show that the internal 
structure of salt body and deformation patterns of stringers are strongly dominated by the 
various geometrical or material properties of models. 
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Zusammenfassung 
 
Viele Salzkörper enthalten große Carbonat- oder Anhydrit-Einschlüsse (so genannte Rafts, 
Floater oder Stringer) welche durch Versatz, Faltung und Fracturing auf die Bewegungen 
des Salzes reagieren. Das Verständnis der Bewegung und Deformation von Salzkörpern 
und darin eingebetteter Anhydrit- oder Karbonat-Einschlüsse ist immer noch sehr 
unvollständig. Insbesondere fehlen bisher numerische Studien zur spröden Verformung 
einzelner Stringers in der Initialphase der Salztektonik. 
 
Unter Berücksichtigung bisher veröffentlichter Daten zur Rheologie von Steinsalz, 
ermittelt in Laborexperimenten, und in Kombination mit der Mikrostrukturanalyse von in-
situ unter niedrigen Spannungen deformierten Steinsalzproben, vereinfachen wir die 
Verformung von Steinsalzunter der Annahme, dass diese durch Power-law-Creep(n=5) 
und Newtonian-Creep(n=1) beschrieben werden kann. 
 
Weiterhin wird eine Methode zur geomechanische Modellierung desgravitativen 
Absinkens von Stringern präsentiert, um die Beziehung zwischen Geschwindigkeit und 
Versatz von Stringern und der Rheologie langsam verformenderSalzkörper zu erfassen. 
Diese Methode leistet einen Beitrag zum Verständnis der Rheologie von Steinsalz im 
Rahmen einer Fallstudie zur tektonischen Modellierungdes South Oman Salt Basin. 
 
Zudem wird eine neue Methode zur Evaluierung der Rheologie der langsamen 
Deformation von Steinsalz vorgestellt, welche auf der Inversion des gravitativen 
Absinkens der Anhydrit-Stringer basiert. Im Rahmen einer Fallstudie werden 
geomechanische Modelle mit seismischen Beobachtungen des in Zeiten des Tertiärs 
inaktiven Zechsteinsalzesverglichen, woraus wir schließen, dass die Rheologie des 
Zechsteinsalzes im Tertiär den Gesetzen des Power-Law-Creep folgt. Da sowohl der 
vertikaleVersatz als auch die Versatzgeschwindigkeit der Stringer-Fragmente stark von 
der Rheologie des Salzes abhängig sind, stellt die Methode des gravitativen Absinkenseine 
effektive Technik zur Bestimmung der Rheologie des Salzesdar. 
 
Wir präsentieren numerische Modelle der Deformation vonSalzkörpern mit eingebetteten 
Stringern im Rahmeneiner Fallstudieim South Oman Salt Basin. Wir verwendendie finite 
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Elemente Methode  (Abaqus Suite) um Salz-Flusszu modellieren und zu untersuchen, wie 
die damit einhergehende, sowohl spröde als auch duktile Deformation der Stringer durch 
passive tektonische Prozesse beeinflusst wird. 
 
Der wichtigste Teil unserer Forschung war die Entwicklung und Verwendung von 
Techniken in Abaqus,um das rheologischeVerhalten der Kombination von Salz und darin 
eingebetteter, spröder oder duktiler Stringer im Rahmen der Salztektonik zu modellieren. 
Wir vereinfachen die aus seismischen Daten gewonnene Geometrie, definieren Carbonat- 
oder Anhydrit- und Steinsalz-Lithologien undmodellieren passive tektonischen Prozesse 
durch Verwendung entsprechender Randbedingungen. Wir modellierengroße 
Versätzedurch adaptives Remeshing, und modellieren sprödes Versagenebenfalls mittels 
adaptiven Remeshing und iterativen Anpassens von Geometrie und Materialparametern. 
 
Das vereinfachte Modell stellt eine praktische Methode dar, um komplexe Stringer 
Bewegungen und Verformung zu untersuchen. Die spröde und duktile Deformation 
eingebetteter Stringer unter sowohl  Druck-als auch Zug-Spannungen sind in unserer 
Forschung untersucht worden. Die Modelle zeigen, dass spröde Deformation der Stringer 
sehr bald nach dem Beginn der Salztektonik einsetzen kann. Dabei kann Extension zur 
Entwicklung von offenen Klüften undBoudinage-Strukturen führen, währendKompression 
zu Faltung und Überschiebung führt. Weiterhin zeigen die Modelle, dass viskose 
StringerFaltung und Extension aufweisen. Die Ergebnisse zeigen weiterhin, dass die 
innere Struktur einesSalzkörpers und das Deformationsmuster von Stringern stark von den 
verschiedenen geometrischen Randbedingungen und den Materialeigenschaften der 
Modelle dominiert werden. 
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摘要 
 
许多盐岩体中含有大量碳酸盐或硬石膏包涵体（所谓的筏，浮体或桁），在这些盐
体运动中带来了包涵体的各种变形方式，包括位移，褶皱和断裂。盐岩体和嵌入式
碳酸盐或硬石膏包涵体的运动和变形的过程仍然没有得到完全理解。特别是，目前
尚无人做过数值研究来模拟在盐构造的初始阶段中包涵体的脆性变形。 
 
通过从发表的文献收集岩盐流变学的实验数据，同时结合文献中的自然变形在低应
力岩盐微观分析结果，我们简化了岩盐流变符合一种幂次定律蠕变(n=5)和牛顿蠕变
(n=1)作为适当的材料参数来进行盐构造建模。同时，我们提供了包涵体重力下沉的
地质力学模型作为研究包涵体位移和速度与长期形变的盐岩流变关系的有效方法。
这种方法对于在南部阿曼岩盐盆地研究中，确定合适的岩盐流变参数发挥了作用。 
 
此外，我们以在第三纪非主动构造的 Zechstein盐体为例，提出了一种来评估长期形
变的岩盐流变特性的新方法，这种方法主要通过反演盐体中的硬石膏包涵体的重力
下沉。这个模拟的地质力学模型的结果与地震波结果相比较，进而我们得出结论即
第三纪中 Zechstein盐体流变符合位错蠕变模型。因为包涵体重力下沉速度和位移与
周围盐体流变性十分相关，包涵体重力下沉的模拟是测量盐体流变性的有效方法。 
 
我们以南部阿曼岩盐盆地研究为例，展示了具有包涵体的岩盐体变形的数值模型。
通过有限元应用软件 Abaqus作为研究平台，我们研究岩盐流动与包涵体形变（包
含脆性和粘性形变）是如何受到被动盐构造影响的。 
 
我们研究中的主要工作是使用并发展 Abaqus中相应技术方法来针对岩盐流变行为
和包涵体的脆性和粘性行为建立模型。为了模型的建立，一系列的有效方法得到运
用。我们从地震波结果中简化几何模型，定义碳酸盐或硬石膏，以及岩盐的材料特
性，通过施加边界条件模拟被动盐构造过程，通过自适应的重分网格技术来模拟构
造的大位移情况，通过一种迭代方法(包括对应力的检测，包涵体断开，材料替换，
运用重分网格技术来重启计算等此过程循环进行) 来模拟包涵体的多次脆性断裂。 
 
简化的数值模型提供了研究包涵体复杂运动和形变的实用方法。我们的研究探究了
在压缩和拉伸环境下的嵌入式包涵体的脆性和粘性变形情况。模型的结果说明，脆
性包涵体在盐构造发生后较快地发生断裂。拉伸环境会导致脆性包涵体产生断裂并
形成香肠构造，而压缩环境会使得脆性包涵体产生弯曲，断裂和助推效果。模型的
结果还说明，粘性包涵体会产生褶皱和拉伸的变形效果。研究结果显示，模型采用
的岩盐体和包涵体的几何和材料特性决定了岩盐体内部结构和包涵体的变形模式。 
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1 Chapter 1: Introduction of the research background and 
main question, the aim and the summary of the thesis 
 
1.1 Background of the research 
 
Salt tectonics is an important part of tectonics. It is concerned with the flow and 
deformation of rocksalt and other evaporites due to geological deformation, including salt 
body and surrounding rock (Ge & Jackson, 1996). It has a variety of tectonic deformation 
features including salt diapir, salt pillow, salt wall, salt glacier, etc (Jackson & Talbot, 
1986; 1989). The salt flow and tectonics are induced by driving forces, for instance, 
buoyancy due to density contrast, difference in load, gravity, thermal gradient and other 
tectonic action (Jackson & Talbot, 1986). Since salt tectonics is strongly relevant to the 
evolution of salt basins, the research plays an important role in structural and petroleum 
geology. The fact that many salt basins contain hydrocarbon (e.g., Persian Gulf, Gulf of 
Mexico and North Sea) attracts lots of interest from geological researchers and oil industry 
(Hudec & Jackson, 2007). Because rock salt is a crystalline composite material,  mainly 
consisting of the mineral halite (NaCl) (Jackson, 1997), its specific characteristics such as 
relatively incompressibility, low creep strength, low permeability and effective heat 
conductivity make rock salt affect many aspects of  hydrocarbon system such as structural 
traps, reservoir distribution and a seal to fluid migration (Hudec & Jackson, 2007). Apart 
from the influence on the evolution of basin, rocksalt is also regarded as good material of 
long-term repositories for the oil, gas and radioactive waste disposal due to its unique 
physical and chemical properties (Littke, 2008). 
 
What is of major interest to geologists is that a lot of salt basins contain embedded layers 
of carbonate or anhydrite which consist of profitable hydrocarbon reservoirs (Schoenherr 
et al., 2008; Reuning et al., 2009; Li et al., 2012a). To understand the behavior including 
movement and deformation of large inclusions is critical for oil or gas exploration and 
mining. It can contribute to the entire knowledge of salt basin and the enhancement of oil 
production.  
 
Therefore, the research of deformation of salt bodies with inclusions and rocksalt 
mechanical behaviour has large scientific and economic value.  
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1.2 Main question 
 
Many salt bodies contain large carbonate or anhydrite inclusions (called stringers) (Fig.1). 
The deformations of the inclusions are strongly influenced by salt tectonics and different 
deformation styles can be displacement, folding, fracture and thrusting. There remains 
much unknown about the deformation process of embedded inclusions. It is of great 
importance to understand the deformation and displacement of inclusions because of some 
critical reasons.  
 
Figure 1:  Seismic cross section of an Ara salt diapir, exemplarily showing interpreted stringer occurrences 
and faults (from Al-Siyabi, 2005) 
 
From the perspective of geological research, the deformation and displacement of the 
embedded inclusions are closely relevant to the internal dynamics of salt structure (Talbot 
& Jackson, 1987; Talbot & Jackson, 1989; Talbot & Weinberg, 1992; Reuning et al., 
2009; Kukla et al., 2011a). The embedded stringers can influence or sometimes even 
dominate the internal structure of salt dome. From the perspective of engineering 
application, one reason is that the carbonate or anhydrite inclusions may cause potential 
drilling hazards because they are overpressured (Williamson et al., 1997; Al-Siyabi, 2005; 
Schoenherr et al., 2007a; Schoneherr et al., 2008, Kukla et al., 2011b). Another reason is 
that the inclusions embedded in salt are not a negligible factor for the design of waste 
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disposal or other geological storage because the position and deformation of inclusions 
have also impact on the stability of long-term repositories (Koyi, 2001).  
 
In addition, the rheology of rock salt, which is strongly relevant to the movement of 
embedded inclusions during long-term deformation in nature, is still controversial (Li et 
al., 2012b). To investigate the sinking displacement and deformation can be an effective 
method to measure the rheology of salt in nature through the comparison between 
geomechanical model and seismic data. In conclusion, the process of the deformation of 
salt bodies with embedded inclusions is not fully understood yet but the research of the 
main question has of great significance for the study of salt tectonics. 
 
The main question is how the displacement and deformation of the embedded inclusions 
(stringers) is influenced by deformed salt bodies. 
 
1.3 Previous work 
 
The studies on the inclusions (stringers) in salt bodies have been presented from 1970s 
through various methods. Many studies have been done relevant to the stringer 
deformation and the internal structure of salt systems through seismic data analysis of 
stringer geometries, analogue and numerical modeling. 
 
Seismic data provides most of the information on the deformation of subsurface salt 
structure and also the enclosed stringers. In the studies of stringer geometries, various 
deformation patterns including folding, stretching or boudinage can be observed in salt 
domes (Kent, 1979; Burliga, 1996; Mohr et al., 2005; Warren, 2006 and Reuning et al., 
2009) and in mining galleries in salt (Richter-Bernburg, 1980; Talbot & Jackson, 1987; 
Geluk, 1995; Behlau & Mingerzahn, 2001). The deformation features of exotic inclusions 
strongly determine the internal geometry of the Hormuz salt plugs in late Precambrian 
(Kent, 1979). Different deformation patterns of anhydrite stringer with high local strains in 
Zechstein salt occurs during the evolution of Klodawa salt diapir (Buliga, 1996). The 
strong deformation style of Ara carbonate stringers during salt diapir evolution in the 
Ghaba Salt Basin is described (Reuning, 2009). Similar deformation features of embedded 
inclusions such as folds and boudins can be observed in salt mine (Richter-Bernburg, 
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1980). Large inclusions undergo complex folding patterns in the top part of salt mines  
(Talbot & Jackson, 1987). Complex deformation of inclusions such as boudins, folds and 
shear zones are visible in salt mines (Geluk, 1995). Anhydrite stringers in Morsleben 
repository salt mine in Zechstein strata displace various folding styles including isoclinal 
and symmetrical folds (Behlau & Mingerzahn, 2001). Moreover, during last two years the 
observations using high quality 3D seismic reflection data can show complex stringer 
geometries such as harmonic and disharmonic folding and boudinage (Van Gent et al., 
2011). Furthermore, thin and steep stringer parts (at least 10m thickness) can be analyzed 
by different structural models (Strozyk et al., 2012). 
 
In addition to the seismic interpretations, analogue models imaged with computer 
tomography have been carried out to investigate the influence of salt diapir on the 
deformation of embedded stringer (Koyi, 2001; Zulauf & Zulauf, 2005; Callot et al., 2006; 
Zulauf et al., 2009). The various deformation patterns of carbonate or anhydrite stringers 
are clearly shown in these studies. The analogue models show that the evolution of salt 
diapir leads to the extension and boudinage of stringer while folding occurs due to the 
gravitational sinking after diapir growth ends (Koyi, 2001). The complex deformation 
patterns of stringers under constriction show that the folds and boudins can develop 
synchronously (Zulauf & Zulauf, 2005; Zulauf et al., 2009). The growth of the salt 
structure dominated by overburden induces the complex geometry such as tearing apart 
and moving upwards or downwards of embedded stringer fragments (Callot, 2006). 
Furthermore, field observations also make contribution to the investigation of complex 
fracture or folding of stringers when salt diapir grows (Kent, 1979; Jackson et al., 1990; 
Schoenherr et al., 2008; Reuning et al., 2009). 
 
In the past 30 years, a large number of numerical studies about the deformation of salt 
structures have been published (Woidt & Neugebauer, 1980; Last, 1988; Schultz-Ela et al., 
1993; Podladchikov, 1993; Poliakov et al., 1993; Van Keken et al., 1993; Daudré & 
Cloetingh, 1994; Koyi, 1996; Koyi, 1998; Kaus & Podladchikov, 2001; Ismail-Zadeh et 
al., 2001; Schultz-Ela & Walsh, 2002; Gemmer et al., 2004; Ings & Beaumont, 2010; Li et 
al., 2012a). Some numerical models on salt tectonics have been performed to investigate 
the influence of the tectonics and sedimentary process on the evolution of salt diapir (Last, 
1988; Schultz-Ela et al., 1993; Poliakov et al., 1993; Daudré & Cloetingh, 1994; Ismail-
Zadeh et al., 2001; Schultz-Ela & Walsh, 2002) while other models have detected the 
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tectonic deformation dominated by the rheology contrast between overburden and salt 
body (Van Keken et al., 1993; Kaus & Podladchikov, 2001; Chemia & Schmelling, 2009; 
Fuchs et al., 2011). Some numerical studies have displayed the salt supply on the enclosed 
rising or falling anhydrite layers (Koyi, 2001; Chemia et al., 2008; Burliga et al., 2012) 
while other models shows the effect of passive continental margin sediment on salt 
tectonics (Gemmer et al., 2004; Ings & Beaumont, 2010).  
 
However, only few numerical studies have been done regarding the deformation and 
displacement of inclusions embedded in salt as relatively homogeneous material. Almost 
all these studies investigate the vertical movement (upwards or downwards) of viscous 
stringers enclosed in salt diapir (Weinberg, 1993; Koyi, 2001; Chemia et al., 2008; 
Chemia & Schmeling, 2009; Burchardt et al., 2011). In these works, the sinking of 
inclusions and salt supply are modeled and studied for the stability of salt repositories. In 
reality the inclusions have elastic, brittle and viscous properties, and the model of the 
brittle breakage of stringer during salt tectonics is very critical for the understanding of 
stringer deformation processes in salt. However, there is no numerical research about the 
brittle deformation of individual stringers during the initial phases of salt tectonics (Li et 
al., 2012a). Also, only a few numerical studies have discussed the influence of ductile 
deformation of individual stringers on the entire internal structure of salt diapirs and 
domes (Van den Bogert et al., 1997, 1998; Chemia et al., 2008; Chemia & Koyi, 2008; 
Chemia & Schmeling, 2009; Burchardt et al., 2011). The research on the deformation of 
long and viscous stringers embedded in salt bodies can make large contributions to the 
understanding of internal structure of salt systems. Apart from the numerical studies of the 
salt supply on inclusions descend after diapir grows, the modeling of gravitational sinking 
of stringer fragments can be an effective method to evaluate long-term rheology of salt (Li 
et al., 2012b). 
 
1.4 The aim and value of the thesis 
 
In the thesis, the scientific aim is to develop a numerical method to model the deformation 
and movement, folding and boudinage of carbonate or anhydrite stringers during and after 
salt tectonics process including brittle fracture. The numerical studies can contribute to our 
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understanding of both brittle and ductile stringer dynamics during downbuilding. This 
work includes following parts: 
 
 -to evaluate the error in the triaxial experiment of rocksalt due to the boundary condition 
effect 
 -to review the existing published literature on salt rheology and establish salt rheology 
database 
 -to model the stress and strain fields in salt basin evolution and to evaluate salt rheology 
during long-term geologic deformation 
 -to model passive salt tectonics process ('downbuilding') 
 -to model folding and boudinage including breakage   
 -to model the apart movement (break-up) and deformation of stringer fragments during 
and after salt tectonics process 
 -to model folding behaviour of long viscous stringers and discuss the internal structure of 
salt dome 
 
The thesis has also engineering or business aim because it also serves for the projects of 
petroleum companies. This work includes following parts: 
 
-to integrate geomechanical techniques to understand stringers in flowing salt and reduce 
uncertainty for prediction of stringer occurrences 
-to provide better stringer structural stringer interpretation and improved risk assessment 
for fault or fracture distribution. 
 
1.5 The method and modeling of the thesis: 
 
The finite element method and the commercial software package Abaqus are the main 
tools for the modeling. The method and models in the thesis includes: 
 
- to model triaxial experiment of rocksalt 
- to simplify the geometry from seismic image of visualization of large 2D stringer 
geometries 
- to define of carbonate/anhydrite and rocksalt material 
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- to model passive tectonic process 
- to model large displacement of salt body 
- to model brittle fracture of stringer  
- to model large folding of viscous/ductile stringer and influence of internal structure of 
salt dome 
 
1.6 The outline of the thesis: 
 
Chapter 2 introduces the geomechanical modeling method, Abaqus package, geomechani- 
cal modeling of salt tectonics with finite element method and special techniques used in 
my work. 
 
Chapter 3 introduces numerical modeling of triaxial experiments and discusses the error 
due to the boundary condition. Moreover the chapter establishes salt rheology database 
and summarize the deformation mechanism used in the modeling for salt tectonics. 
 
Chapter 4 introduces numerical modeling of gravitational sinking of carbonate or 
anhydrite inclusions (stringers), investigates the influence of the material and geometrical 
parameters on the sinking of stringers. Moreover, in Chapter 5 a new method is proposed 
to measure rheology in nature by inverting the gravitational sinking of carbonate/anhydrite 
inclusions embedded in salt which has been tectonically largely inactive. From seismic 
data we know the deformation duration time and final location of stringer, we can invert 
the process through using different salt rheology (dislocation creep or pressure solution 
creep) and compare the numerical solution with seismic data in order to evaluate which 
rheology is feasible. 
 
Chapter 6 introduces the numerical modeling of deformation of salt bodies with embedded 
brittle carbonate or anhydrite inclusions (stringers) using a simplified and generic model. 
The extension, boudinage, overtrusting, bending deformation are modeled. The chapter is 
a case study through making a simplified model from South Oman Salt basin. 
 
Chapter 7 and 8 introduces numerical sensitivity studies of the deformation of salt bodies 
with embedded brittle carbonate or anhydrite inclusions (stringers) in tensile and 
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compressive environment. In the two chapters, it is discussed how the geometrical and 
material parameters dominate the deformation of stringer. We change the location of 
stringer in salt, thickness and length of the stringer, multiple stringer layers, basement 
configuration and surface deformation rate to investigate the influence of the parameters 
on the brittle stringer deformation and salt tectonics. 
 
Chapter 9 and 10 introduces the numerical modeling of deformation of salt bodies with 
embedded viscous carbonate or anhydrite inclusions (stringers) including a baseline model 
and sensitivity studies in tensile and compressive environment. We model folding and 
extension behaviour of long viscous stringers and discuss the internal structure of salt 
dome. We change location of stringer in salt, thickness and length of the stringer, multiple 
stringer layers, basement configuration and surface deformation rate to investigate the 
influence of the parameters on the ductile stringer deformation and salt tectonics and 
evaluate the influence of ductile stringer on the formation of internal structure of salt 
dome. 
 
Chapter 11 introduces final conclusions and outlook. We presents the summation of 
rocksalt rheology, the numerical studies of gravitational sinking relevant to salt rheology 
and the numerical studies of the dynamics of brittle and viscous inclusions in salt during 
downbuilding.  
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2 Chapter 2: Introduction to the method - Finite element 
method, geomechanical modeling and Abaqus package 
 
In this chapter, we introduce the geomechanical modeling method including finite element 
method, geomechanical modeling and Abaqus package and techniques. The short 
overview and definition of finite element method is shown. The geomechanical modeling 
and the basic computational platform for our research - Abaqus package are introduced in 
detail. Finally, the geomechanical modeling of salt tectonics and fundamental techniques 
of the geomechanical model in my thesis are demonstrated. 
 
2.1 Finite element method 
2.1.1 Short overview of Finite element method 
 
The finite element method (FEM) is a numerical technique which solves partial 
differential equations (PDE) approximately (Zienkiewicz & Taylor, 1989). This method 
and its practical analysis are used to solve various problems from structural, thermal and 
electrical engineering (Fish & Belytschko, 2007).  
 
The finite element method was developed for the structural analysis of the aircraft 
engineering. The earliest work was done by Hrennikoff (1941) and Courant (1943) in 
which a continuous domain is discretized into sub-domains through mesh, and the sub-
domains are called elements. Stein (2009) summarized the contribution of Zienkiewicz 
(1947) who developed the methods and made the name of the method - Finite element 
method. 
 
Rapid development of the finite element method started in the middle 1950s for the 
structural analysis in aircraft and civil engineering (Argyris, 1960; Clough, 1960). By late 
1950s, the definition of stiffness matrix and element assembly was made by Turner et al. 
(1956) and Martin (1966; 1973) continued work in the field, publishing two books on the 
subject. In 1970s, the finite element was produced as an important part of computational 
mathematics in the publication of Strang and Fix (1973). Since 1980s with the big 
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development of computer science and technology, finite element methods have been 
widely used for solving the problems in a range of engineering areas such as aeronautics, 
automotive, electronic and nuclear industries (Hastings et al. 1985). 
 
2.1.2 Brief overview of finite element analysis  
 
Finite element method is a numerical method to find approximate solution for differential 
equations. The solution u of the differential equation can be described as a polynomial 
(Reddy et al., 1993): 
( )xcuu j
N
j
jN Φ≡≈ ∑
=1                     
                                                                          (1) 
where jc
 
is the coefficient and jΦ  is appropriate function. u  is the exact and nu is the 
approximated solution through the FEM method. The main method is to discretize of the 
model area (solution domain) into a finite number of elements (Figure 1). The 
approximation solution can be calculated through interpolation on the nodes in the 
elements (Reddy, 1993; Bathe, 1996; Hughes, 2000). 
 
 
 
Figure 1:  Illustration of solution domain, nodes and element in finite element analysis 
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Finite element formulation is derived in the following part. The solution can be modified 
as a finite element formulation according to Galerkin method (Galerkin, 1915) jj N=Φ :           
( ) ( )yxNuyxuyxu ej
N
j
e
j
e ,,),(
1
∑
=
=≈                                                                             (2)     
where jN  is the weighting functions and also approximate function for the element. For a 
general differential equation (strong form): 
0)( =+ quD                                                                                                                   (3) 
where D is a linear operator and q is the loading. 
The weak form based on variational method (Reddy, 1993; Bathe, 1996; Hughes, 2000) 
 is: 
( ) 0])([, =+⋅∫Ω dxdyquDyxNi                                                                                       (4) 
where iN  is the weighting functions, the integration on the multiply of iN  and R is zero. 
The weak form of a differential equation in the formation of the finite element method 
(Reddy, 1993; Bathe, 1996; Hughes, 2000): 
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 The Poisson’s equation solved by the finite element method is a typical example which is 
used in the introduction of FEM method (Reddy, 1993; Hughes, 2000; Pasche, 2006): 
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The equation can be stated to: 
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Then, the weak form of the equation (Reddy, 1993; Pasche, 2006) is: 
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Using partial differentiation and the gradient theorem (Reddy, 1993; Pasche, 2006): 
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Through integration by parts, the weak form of the equation can be transformed (Reddy, 
1993; Pasche, 2006): 
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where nq
 
is the value on the boundary, which is written as: 
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The finite element approximation is introduced: 
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Using the finite element approximation, the weak form can be changed (Reddy, 1993; 
Pasche, 2006): 
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The formula can be written in matrix form (Reddy, 1993; Pasche, 2006): 
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where the matrix [ ]eK is stiffness matrix, through numerical integral the value of stiffness 
matrix for each element can be reached, meanwhile the loading vector and boundary 
vector can be calculated. Then the general stiffness matrix can be set up for the global 
system of equations on solution domain. The procedures of FEM method includes: 
 
1. The solution domain is meshed into a finite number of elements.  
2. The weak form of the differential equation is derived.  
3. The stiffness matrix K , the loading vector q , the boundary vector nq  are calculated 
through numerical integral.  
4. The general stiffness matrix, loading and boundary vector are assembled.  
5. Gauss iteration method is used to solve equations and the function value on each node 
can be calculated. 
 
Finite element analysis (Widas, 1997) is based on finite element method with a system of 
points. A series of nodes compose of a mesh which represents an element in the method. 
The nodes and elements contain the material properties, mechanical properties (such as 
stress, strain, displacement etc.) or other physical properties. Through the analysis based 
on the nodes and elements, the mechanical or other physical behaviors of the entire field 
or structure can be calculated by computers.  
 
The process of the FEA contains a series of steps. The initial geometry is made and the 
material properties are applied. Loading and boundary conditions such as force, pressure 
or displacement are applied. When different phases or material are used, the interaction or 
contact relation between each other is also defined. The mechanical behaviour of the node, 
mesh and the structure can be obtained through calculation of FEA. 
 
2.2 Abaqus package 
 
In our research, we use the FEM package 'ABAQUS' (2009) as the fundamental tool to 
perform numerical modeling based on finite element method. Abaqus is regards as a 
commercial software package for FEA with high performance and it was developed by 
Hibbitt, Karlsson & Sorensen (1994), Inc. for the numerical modeling of structural 
response. It has the capability to make linear or nonlinear, and static or dynamic types of 
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analysis for a large range of science or engineering problems. This software packages are 
used all over the world to simulate the physical (mechanical, thermal, electronic, hydro 
etc.) response of materials, structures, solid or fluid bodies to load, temperature, contact, 
impact, and other environmental conditions. The Abaqus product suite consists of core 
software products:  
 
1. Abaqus/CAE (2009), a Computer-Aided-Engineering software application used both for 
design and modeling machinery and visualizing the Finite element analysis result. 
2. Abaqus/CFD (2010), aComputational-Fluid-Dynamics software which support 
preprocessing and postprocessing provided in Abaqus/CAE. This is a new and advanced 
product developed after 2010. 
3. Abaqus/Standard for implicit integration scheme (traditional) and Abaqus/Explicit for 
explicit integration scheme in Abaqus/CAE. 
Abaqus/CAE (2009) and Abaqus/standard is used in my research. The open-source 
scripting language Python, C++ and Fortran for scripting can be used in Abaqus for 
solving complex or specific problems. Abaqus analysis consists of three stages including 
pre-processing or model building (creating an input file), processing or finite element 
analysis (producing an output file) and post-processing or visualization (report, image or 
animation of output file). 
 
2.3 Geomechanical modeling of salt tectonics with finite element 
method  
 
In the geological or geophysical research, computational tools are applied to numerically 
model geomechanical process. Geomechanical modelling can deal with complex 
geometries, geological structure and realistic geomaterial (rock and sand) models to 
analyze stress and deformation. On one hand, it can be used to simulate tectonics process 
such as folding, fault, fracture, overtrusting, subduction, bending, extension, compression 
etc. On the other hand, it can also be applied to problems related to petroleum and 
geotechnical engineering such as oil or gas exploration, development and storage which 
includes reservoir mechanics, wellbore instability and fracture analysis. 
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In this work, the main aim is to provide the geomechanical modeling of salt tectonics with 
embedded inclusions. Recent years have seen a big enhancement on the researches of 
numerical modelling of salt structures (Chemia et al., 2009; Ings & Beaumont, 2010; 
Goteti et al., 2011; Burchardt et al., 2011; Fuchs et al., 2011; Burliga et al., 2012; Luo et 
al., 2012; Nikelinakou et al., 2012). Some works focus on the salt supply on the anhydrite 
inclusions enclosed in diapirs and some researches contribute to the dynamical models on 
passive margin salt tectonics, while other studies are relevant to the stress analysis in or 
adjacent to salt bodies. From the results of these researches, it is shown that the numerical 
model can include various information including the geometry, material properties (the 
rheology of salt and brittle or ductile properties of embedded inclusions) and boundary 
conditions. However, three main difficulties for numerical modeling remain to be solved, 
the modeling on the localization of deformation, much lack of information about initial 
condition and evaluation on the appropriate rheologies (Li et al., 2012a). 
 
One of the important factors for numerical modeling is to decide the appropriate 
rheologies on salt, overburden and basement. In some studies, the salt is modeled as a 
linear viscous layer using temperature independent rheology (Gemmer et al., 2004; Ings & 
Beaumont, 2010) but in other studies it is modeled by nonlinear viscosity (Van Keken, 
1993). In some studies, the overburden is modeled as a linear viscous layer (Van Keken, 
1993; Podladchikov et al., 1993; Ismail-Zadeh et al., 2001; Kaus & Podladchikov, 2001), 
however when the brittle deformation are taken into account, it is also modeled as 
frictional-plastic material over a linear viscous salt body (Last, 1988; Poliakov et al. 1993; 
Schultz-Ela & Jackson, 1993; Daudré & Cloetingh, 1994; Schultz-Ela & Walsh, 2002; 
Gemmer et al., 2004; Ings & Beaumont, 2010). In conclusion, not much is understood on 
the consideration of rheologies relevant to ductile deformation, frictional-plasticity 
relevant to brittle behavior and the complexity of salt tectonics systems. 
 
In this work, the main job is to use and develop Abaqus techniques to make incorporate 
models of rheological behaviour of salt tectonics and brittle or ductile behaviour of 
carbonate/anhydrite inclusions (stringers) embedded in salt. A series of techniques are 
used in order to make successful models. We simplify the geometry from seismic data, 
define carbonate or anhydrite and rocksalt material, model passive tectonic process 
through applying boundary conditions, model large displacement of salt or large folding of 
viscous stringers through adaptive remeshing technique and python script, model brittle 
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fracture through iterative scheme for stringer breaking and adaptive remeshing techniques. 
In the next chapters, these techniques will be deeply introduced when model setup is 
introduced and the introduction can be understood easily when it is combined with the 
case study. 
 
2.4 Special techniques used in this work 
 
Here we introduce the adaptive remeshing technique and iterative scheme for stringer 
breaking, because these two techniques are critical and special for modeling the breaking 
of brittle layers deforming in a ductile manner. 
 
2.4.1 Adaptive remeshing technique 
 
The optimization and quality of mesh have strong influence on the numerical calculation 
and result. When the mesh is distorted due to large deformation or the finer mesh is 
needed in the concentrated analysis on some local areas. There are three adaptivity 
techniques for the element remeshing in Abaqus/CAE (2009). The techniques include 
Arbitrary Lagrangian Eulerian (ALE) adaptive meshing, varying topology adaptive 
remeshing and mesh-to-mesh solution mapping. 
 
ALE adaptive meshing 
 
The method is used to deal with mesh distortion. The main idea is to adjust the nodes of 
the element but not change the topology (elements) when the element is distorted during 
analysis steps. In Abaqus/standard, ALE adaptive meshing is limitedly used because the 
node of element is fixed on the material. In Abaqus/explicit, ALE adaptive meshing is 
easily used because the node of element is fixed in space and the material movement can 
pass through elements. 
 
Adaptive remeshing 
 
The method is used to increase the solution accuracy and effective only for 
Abaqus/standard analysis. The main idea is to make finer mesh adaptively when the model 
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of coarse mesh cannot reach high solution accuracy. Remeshing rules including error and 
minimum mesh size need to be defined. The maximum number of remesh iterations can be 
specified. During the model calculation, if the mesh rules are satisfied, the result can be 
reviewed. If the mesh rules are not satisfied, the new element size is chosen and remesh is 
created. 
 
The method is very useful when the geometry of the structure has particular region or the 
material behavior has localisation. Higher accuracy of solution can be reached through 
adaptive remeshing method. 
 
Mesh-to-mesh solution mapping 
 
The method is used to control mesh distortion and available only in Abaqus/standard. The 
difference between the mesh-to-mesh mapping and ALE meshing is that the entire mesh is 
replaced and new analysis continues. When large deformation occurs, the mesh-to-mesh 
mapping can be used to solve the problem of mesh distortion. 
 
In this method, the mesh is fixed on the material because Abaqus/standard uses 
Lagrangian formulation (standard finite element formulation). When the large strain or 
deformation occurs, the mesh can be strongly distorted. A new mesh needs to be created 
and the variables need to be mapped from old mesh to new mesh for the continuous 
analysis. 
 
Table 1:  The comparison of the characteristics of three adaptivity techniques (Abaqus CAE, 2009) 
 Available in Abaqus Usage in modeling Remeshing process 
occurs 
ALE adaptive 
meshing 
Abaqus/standard  
(with limitation) 
Abaqus/explicit 
 (generally used) 
Mesh distortion 
control 
Within an analysis 
step 
Adaptive remeshing Abaqus/standard 
 
Accuracy increase Within an analysis 
step 
Mesh-to-mesh 
solution mapping 
Abaqus/standard 
 
Mesh distortion 
control 
Between two analysis 
steps 
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2.4.2 Adaptive remeshing technique in this work 
 
The characteristics of the three techniques are displayed in Table 1. In my research, the 
salt tectonics modeling is performed in Abaqus/standard which applies the viscous and 
brittle module for material properties. Mesh-to-mesh solution mapping is used to control 
mesh distortion because only this method can be applicable for viscous module in 
Abaqus/standard and it is an effective method to for mesh distortion control. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Old mesh and new mesh before and after mapping. When large displacement is applied, mesh 
distortions will occur. Then we import old Parts and creat new Parts. We rebuild new mesh according to 
new locations of material boundaries in new Parts. Furthermore, the field variables are mapped from old 
mesh to new mesh.  Finally, the calculation continues using new mesh until another re-meshing step is 
needed. 
 
  Distorted mesh 
  New, undistorted mesh 
Old Part-stringer 
New Part-stringer 
Old Part-salt 
New Part-salt 
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When large displacement is applied on salt or when the stringer has a large movement due 
to gravity or tectonic action, the salt around the breaks or around the stringers will have 
strong local strains. The FEM mesh will become distorted because the mesh is fixed on the 
material. The large distortion of mesh can destroy the accuracies of calculation results. 
Therefore the mesh needs to be rebuilt in order to avoid mesh distortion in the simulation. 
The re-meshing technique is used to solve the problem. In each re-meshing step, an 
interpolation of the model variables is mapped from the old to the new mesh locations. 
The calculation is continued using the new mesh until another remeshing step is needed. 
Figure 2 shows the mapping from old to new mesh and also the procedures of remeshing.  
 
In Abaqus, we use the Part module to create Part-stringer and Part-salt. We use Property 
module to apply material property on each Part. Then we use the Assembly module to 
assemble the Part-stringer and Part-salt. Python script for the remeshing technique 
includes the definition of Part-salt and Part-stringer, the import of old Part and extraction 
of the profiles from the old Part to a new Part. The script used in the work is according to 
the introduction of mesh-to-mesh mapping method in the manual of Abaqus package 
(2009). The procedure of the method is: 
Step  1: Analysis job is submitted and calculation is started. 
Step 2: Mesh deformation is monitored and the calculation is stopped when mesh is 
distorted. 
Step  3: Define the following variables before remeshing  
# Name of output database file. 
# Model name. 
# Deformed instance name. 
# Shape. 
# Feature angle. 
# Step number. 
Step 4: The orphan of old Parts are imported and 2D profile is extracted, then new Parts 
are created. 
Step  5: The new Parts is defined with material properties and meshed. 
Step 6: The variables is mapped from the old Parts to new Parts (Figure 2) and the 
calculation is restarted.  
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The variable field (such as stress, strain or displacement) keeps constant in the new part 
after mapping before the calculation is restarted. However, since the mesh is changed a 
small interpolation error can be not avoided. The influence on the result due the error will 
be evaluated in Chapter 7-Appendix. 
2.4.3 Iterative Scheme for Stringer Breaking  
 
Due to the reason that the standard FEM method as implemented in current Abaqus(tm) 
can not handle the brittle fracture, we need develop an effective and iterative scheme to 
detect breaking of stringer and model subsequent break-up process.  
 
For the iterative scheme (Fig.3), there are several steps in the procedure (Li et al., 2012a): 
 
1. An initial model is built with the material properties of both stringer (elastic and brittle 
material) and salt (viscous material). 
 
2. The model is run and the stresses in the stringer are monitored 
 
3. When the defined failure criterion is exceeded by the stresses in a place of the stringer, 
the calculation is stopped. Old Part-stringer and Part-salt are imported and new Part-
stringer and Part-salt are created according to Step 3-5 in 2.4.2. 
 
4. The new Part-stringer is 'broken' through replacing the material property in a column of 
elements. 
 
5. Adaptive remeshing technique is used for making new mesh in the new Parts and 
mapping variables from the old Parts to the new Parts and the simulation is restarted. 
 
6. The simulation is run again until the failure criterion is exceeded again in other place of 
the stringer. 
 
7. The procedure is repeated until the final deformation of the salt body is reached. 
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create model 
create mesh 
 
submit analysis job 
Does the stress reach 
failure criteria ? 
No Calculation 
is finished 
 
Result visualization 
Yes 
  stop the analysis 
 
replace the material properties of one column of 
elements (the place where failure criterion is exceeded) 
in new Part-stringer 
make new mesh with 
mesh-to-mesh solution mapping and 
prepare a new job file 
Iterative scheme to 
detect stringer 
breaking and 
model subsequent 
break-up process 
Figure 3:  The flow chart of the iterative scheme to detect stringer breaking and      
model subsequent break-up process 
extract profiles of old Part-stringer and Part-salt 
and creat new Part-stringer and Part-salt 
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The influence of re-meshing frequency and the gap width on the location and timing of 
break are also tested in Chapter 7-Appendix. One important step in the scheme is to break 
the stringer and replace the material in a column of elements. The column elements are set 
up in the Part module as a section in the profile of Part-stringer. When the stress exceeds 
failure criterion, the material is replaced from carbonate to salt. The calculation can be 
continued according to the flow chart. However, the column elements which are set up as 
a section in Part-stringer may distort strongly after the material is replaced and high 
frequency of remeshing steps is needed during the calculation process. High frequency of 
remeshing can cause error accumulation when fileds are mapped. 
 
When we meet the situation, an improved iterative scheme (Fig.4) is applied in order to 
avoid the problem. We go back to model geometry in Part Module and change the Part 
property of the column elements from Part-stringer to Part-salt. The column elements keep 
the carbonate property and the original location in the stringer. Then we restart the 
analysis job. When the stress exceeds failure criterion, the profile of old Parts are extracted 
and new Parts are created. The material is replaced from carbonate to salt in the column 
elements. Due to the column elements as a section in the profile of Part-salt, the 
deformation is not constraint by the profile of Part-stringer and strong distortions and high 
frequency of remeshing steps can be avoided.  
 
In my research, both the iterative scheme and improved scheme are applied to detect the 
stringer breaking according to the circumstances. 
 
A simulation example by the improved iterative scheme is shown below. In the 
simulation, the minimum principal stress is used to detect tensile failure in stringer. In this 
model, a deformation on top surface causes the extension and break of the stringer. In 
order to make figures more visible, the mises stress is shown in all the figures. Figure 5a 
shows the mises stress exceeds the failure criterion. If tensile strength is exceeded, the 
stringer is broken in this location. Figure 5b shows that after the first break the simulation 
is stopped and the material is replaced in the new Parts from rock to salt in a column 
elements as a breakage. Moreover, with the application the adaptive remeshing technique 
the variables are mapped to the new Parts and the variable field mapped in the new Parts 
are kept the same as the one at the final step of old Parts except for the area of the column 
elements as a breakage. There is a small stress loss after the mapping because the material 
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Figure 4:  The flow chart of the improved iterative scheme detect stringer breaking and      
model subsequent break-up process 
 
changes from carbonate rock to salt in this area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
submit analysis job 
the stress exceeds 
the failure criteria  
  stop the analysis 
 
replace the material properties of one column of 
elements from carbonate to salt in new Part-salt 
make new mesh with 
mesh-to-mesh solution mapping and 
prepare a new job file 
extract profiles of old Part-stringer and Part-salt and 
creat new Part-stringer and Part-salt when the stress 
exceeds the failure criteria 
  Go back to model geometry in Part Module in Abaqus 
Change geometry property of one column of elements 
(the place where failure criterion is exceeded) from Part-
stringer to Part-salt 
restart the job and monitor the stress 
Improved iterative 
scheme for the 
stringer breaking 
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Figure 5c shows that after the simulation is restarted under the constant boundary and 
loading condition  the mises stress (also for the minimum principal stress) in the breakage 
relaxes due to the replacement of material from rock to salt. In reality, this step is a 
simplification of the simulation of the process during which the salt flow moves inside the 
fracture part. Figure 5d shows that the mises stress (also for the minimum principal stress) 
in the stringer fragments decreases due to the breakage and stress or strain field is 
redistributed.  
 
Figure 5e shows that with the further displacement of the top surface, the two stringer 
fragments continue moving apart. Figure 5f shows that the Mises stress (also for the 
minimum principal stress) increases and the failure criterion is exceed again due to the 
bending deformation of the left stringer fragment. 
 
 
 
 
 
 
 
Chapter 2 
 
43 
 
 
 
 
 
 
Figure 5(a-f):  Breaking of a stringer and subsequent separation of the fragments 
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3. Chapter 3:  Numerical modeling of the triaxial experiment of 
rocksalt and rocksalt rheology in laboratory experiments 
 
In Chapter 3, we present numerical modeling of triaxial experiments and discuss the error 
due to the boundary condition. Moreover in the chapter we collect rocksalt rheology data 
in laboratory experiments from the published literature and establish salt rheology 
database in order to investigate the range of rheology of salt in many areas of the world. 
 
In the last 30 years, some researches have been operated on the deformation mechanism of 
rocksalt at a range of temperatures (20- 200°C). In order to make verification of the 
specific model using the Abaqus package, we build numerical model of a triaxial 
experiment and test the boundary effects. Through reading previous references about salt 
creep in laboratory and summarizing all the data, we have summarized the experimental 
results from the published literature during the past 30 years and built a database about the 
strain rate vs. differential stress. The aim is to collect data about the salt rheology 
deformation in nature. From the data in laboratory experiments, the flow laws can be 
extracted and we can also decide what kind of mechanisms can be used in the numerical 
models in following chapters. We can see that the fundamental mechanisms and the 
rheological capability are strongly dependent on a series of variable parameters through 
comparing different rocksalt type and different temperature situations. Finally, the 
deformation mechanism under the condition of low differential stress can be extrapolated 
and discussed. 
 
3.1  Deformation Mechanisms for Rocksalt 
 
Evaporite rock is mainly composed of carbonates, sulphates and chlorides. Sodium 
chlorite (NaCl) is the main type of chlorides and its mineral form is halite which is also 
called rock salt. Rock salt influences the salt tectonics and basin evolution because of its 
unique characteristics including low porosity and permeability, low creep strength, and 
low density (Urai et al., 2008).  
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The mechanical behavior of rocksalt has been researched in numerous studies during last 
30 years. The purpose of these researches is to design safe salt mines, and develop the 
design and performance assessment for nuclear waste disposal and oil and gas storage 
(Wawersik & Zeuch, 1986; Cristescu, 1998; Hunsche & Hampel, 1999). On a geological 
timescale, rocksalt is like a ductile material and behaves like Newtonian and power-law 
fluid. 
 
The engineering creep laws in the salt mining industry are based on dislocation creep 
processes quantified in laboratory experiments (Ottosen, 1986; Haupt, 1989; Aubertin et 
al., 1991; Cristescu, 1993; Munson, 1979; 1997; Jin & Cristescu, 1998; Hampel et al., 
1998; 2007). The viscoelastic and viscoplastic models describing rocksalt deformation 
behavior are also developed in many studies (Cristescu, 1993; Munson, 1979; 1997; Jin & 
Cristescu, 1998). Moreover, grain boundary dissolution-precipitation-processes, such as 
solution-precipitation creep (or pressure solution) and dynamic recrystallisation also 
occurs under long-term deformation conditions (Urai et al., 1986; Spiers & Urai, 1990; 
Schenk et al., 2004; 2006). 
 
Figure 1: Deformation mechanisms of rocksalt at temperatures in the range 20-200°C. The crystals with 
different orientation are represented by different green shades (Urai & Spiers, 2007). 
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In order to explore the rheology of rocksalt, summaries of behaviors observed in 
experiments have been published. Dislocation creep mechanisms are widely investigated 
by Carter et al. (1983), (1993), Rutter (1983), Urai et al. (1986), Wawersik & Zeuch 
(1986), Heard & Ryerson (1986), Senseny et al. (1992), Van Keken et al. (1993), Franssen 
(1994), Peach & Spiers (1996), Wendinger et al. (1997), De Meer et al. (1997), (2002), 
Hampel (1998), Brouard & Bérest (1999), Bérest et al. (2005) and Ter Heege et al. 
(2005a), (2005b). Moreover, solution-precipitation creep (pressure solution) is also an 
important deformation mechanism in rocksalt and it is shown in the research by Urai et al. 
(1986), Spiers et al. (1990), Martin et al. (1999). Apart from rheological investigation, a 
few discussions about creep deformation and fracture are operated in Dawson & Munson 
(1983), Guessous et al. (1988), Fuenkajorn & Serata (1993), Chan et al. (1996). 
 
The steady-state strain rate is related to the flow stress σ using a power-law creep (non-
Newtonian) equation: 
( ) ( )nnDC
RT
QAA 310
.
exp σσσε −




−=∆=         (1)                                                          
where έDC is the strain rate, Δσ = σ1-σ3 is the differential stress and A=A0 exp(-Q/RT) is 
the viscosity of the salt, A0 is a material dependent parameter, Q is the specific activation 
energy while R is the gas constant (R=8.314Jmol-1k-1) and T is the temperature. The other 
mechanism solution-precipitation creep is described following as a Newtonian flow law: 
( ) 




 −





−=∆= mPS TDRT
QBB 310
.
exp
σσ
σε            (2)                                                              
where the strain rate is dependent on the strain size D, Δσ = σ1-σ3 is the differential stress 
and B= B0 exp(-Q/RT)/TD m is the viscosity of the salt, B0 is a material dependent 
parameter, Q is the specific activation energy while R is the gas constant (R=8.314mol-1k-
1) and T is the temperature. The order m influences the strain rate dependence on the grain 
size. Finally, the total strain rates are the sum of the two strain rates: 
PSDC
...
εεε +=    (3)                                                                                                                                                                         
 
Two important differences between equation (1) and (2) are the power order relevant to 
the  influence of stress on strain rate (n=1 for solution-precipitation creep or pressure 
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σ1 
σ3 
solution while n>1 for dislocation creep), and secondly the dependence of strain rate on 
grain size. 
 
In addition, the time-dependent properties described as the transient creep plays an 
important role in many engineering applications (Crisescu & Hunsche, 1988; Crisescu, 
1993; Munson, 1997; 1998). However, in the geological process with long-term 
deformation, creep mechanism becomes steady state and not time dependent (Urai et al., 
2008). For this reason, we do not take the transient creep into account in salt tectonics 
modeling. 
 
3.2 Numerical modeling of triaxial experiment of rocksalt 
 
In the laboratory, the principal experimental approach is to apply uniaxial or triaxial 
tensile and compressive loading on the rocksalt sample which is drilled from the core of 
salt structure in order to investigate the mechanical behavior (for example, the relation 
between stress and strain or strain rate).  In this part, we develop a numerical model of a 
triaxial experiment of rocksalt to make the verification of the specific model using Abaqus 
package on salt deformation and evaluate the error due to the boundary condition in real 
situation. 
 
 
Figure 2:  The sample from salt structure (Physical Geology 3rd ed., by Leet & Judson, Prentice-Hall Inc., 
1965) and rock sample  
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The triaxial rock or concrete testing in laboratories has been conducted on cylindrical 
specimens during the last 100 years. The major goal of testing is to characterize 
deformation and strength behavior with the triaxial experiments by Hofer and Thoma 
(1967), Michelis (1985), Rist (1991), Smart (1995), Haimson & Chang (2000), Alkan et al.  
(2007), Hanhx et al. (2010). 
 
The testing equipment of triaxial measurements relies on a cell for core, tension-
compression testing machine and hydraulic pumps. The cell is designed to allow a sample 
with a diameter and a height-diameter relationship of  2. The axial and radial pressures are 
produced by hydraulic. A data acquisition software or pressure transducer is employed to 
record data such as displacement, axial and radial pressure. The apparatus consists of 
acoustic sensors monitoring the test performance. Figure 3 illustrates the triaxial rock 
measurement equipment in the experiments. 
 
 
Figure 3: Schematic of the triaxial rock measurement equipment (Hangx et al., 2010) 
Figure 4 shows the flow stress-strain curves from the experiment by Ter Heege et al. 
(2005b) on dry and wet samples at constant strain rate (~5-7×10-7s-1) and at various 
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temperature (75°C~175°C). The mechanical behavior of rocksalt generally includes 
elastic, primary creep, steady-state creep and work hardening process. 
 
 
 
  
 
 
 
 
Figure 5 shows the relations between flow stress and final strain rate of dry and wet 
samples at the end of the experiments. A power-law equation can be derived according to 
the relation between strain rate έ and the differential stress Δσ: 
 
( )n
RT
QA σε ∆




−= exp0
.
       (4) 
Figure 4:  Typical curves showing the relation between differential stress and strain at different 
temperatures (Ter Heege et al., 2005b) 
 
Figure 5:  The linear relation (in log-log diagram) between the differential stress and strain rates at different 
temperature (Ter Heege et al., 2005b) 
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where A0 is a material dependent parameter, Q is the specific activation energy while R is 
the gas constant (R=8.314Jmol-1k-1), T is the temperature and n is stress exponent. 
 
From the experiments we can collect data, make the curves of differential stress and strain 
and the linear line in log stress-log strain rate. Based on the experiment data, we can 
derive power-law or Newtonian law as the deformation mechanism. In this part, we use 
the creep law to simulate the triaxial experiment on rock salt. In this way, we can compare 
the numerical result with experimental data so that the model using Abaqus package can 
be verified. Meanwhile, we can evaluate the error due to the boundary effect when 
applying different condition in numerical model. 
 
3.2.1 Simulation of the triaxial experiment on cylindrical sample with 
dislocation creep and solution-precipitation creep 
 
The height of the cylindrical sample is 20 cm and the radius of the cross section is 5 cm. 
The rheological parameters (Table 1) for dislocation creep (eq.1) are: A0=7.26×10-6MPa-5  
s-1, n=5, Q=53920J/mole, R=8.314 J/molK, ρ=2040kg/m3, E=10GPa, ʋ=0.499 (Wawersik 
& Zeuch, 1986).  
 
Table 1: The material and geometry of rocksalt sample in the experiment. 
 Salt A: pressure 
solution creep 
(Newtonian flow) 
Salt B: dislocation creep 
(non-Newtonian flow) 
A0  4.70×10-4 MPa-1 s-1 7.26×10-6 MPa-5 s-1 
Q [J/mol] 24530 53920 
R [J/mol] 
T [K] 
8.314  
323 
8.314  
293 
m,n 3/1 0/ 5 
ρ/density  [kg/m3] 2200  2200 
E/Youngs Modulus [GPa] 10 10 
ν/ Poisson's ratio 0.4 0.4 
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Figure 3a: The cylindrical sample with free boundary conditions in the radial direction. 
Figure 3b: the cross section from the cylindrical sample, the yellow line is sample axis, the bottom surface 
is fixed in the axial direction and free in the radial direction, the top surface is prescribed by the strain rate 
in the axial direction and free in the radius direction. 
 
Reference Spiers et al., 1990 Wawersik & Zeuch, 1986 
Height 20cm 20cm 
Radius 5cm 5cm 
The rheological parameters for pressure solution creep (eq.2) are: A0=4.70×10-4 MPa-1s-1, 
n=1, Q=24530 J/mol, R=8.314 J/molK, m=3, D=10mm, ρ=2040kg/m3, E=10GPa, ʋ=0.499 
(Spiers et al., 1990).  As a simplified way, we use an axi-symmetric model in Abaqus. Two 
assumptions are taken into consideration, one is the volume is not changed during the 
compression, (incompressibility) and the second one is homogeneous material. The 
benchmark of salt rheology is divided into two cases. 
 
Part 1: Simulation of the triaxial experiment on the sample with free boundary 
conditions in the radial direction  
 
In order to obtain the value of the stress, we calculated the total force ∑F on the top 
boundary and then the total force is divided by the area of cross section which is due to the 
radial expansion of the sample, a function of time. For the free radial-movement boundary 
condition, the homogeneous structure is applied a homogeneous displacement so that the 
deformation is also homogeneous. The sample has the homogeneous deformation, and the 
area of cross section is: 
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In part 1, we keep the vertical displacement rate on the top surface as a constant and 
choose free radial movement on the boundary. On the bottom surface, it is fixed 
perpendicular to the boundary on the bottom, i.e. no radial movement at one corner and no 
axial movement at the bottom. In  
2 2
0( ) ( ) [ ( )]xA t R t R u tπ π= = +                                                  (4)                                                                                      
where A(t) is the area of cross section, R(t) is the radius of the cylindrical sample, R0 is the 
initial radius of the sample, ux is the displacement in the radial direction. The stress σ1 is 
calculated through the total force over the average area of cross section which is due to the 
radial expansion of the sample, the value of stress is: 
( )
( )
F
t
A t
σ = ∑                                                                        (5)                                                                                                                          
where σ(t) is the stress, ∑F is the total force acting on the cross-section, A(t) is the area of 
cross section. The parameters and results in the models, where power law and Newtonian 
law creep are used respectively, are shown in Table 2 and Table 3.  
 
Table 2: Parameters in the model (Power law creep is applied) 
 Vertical 
displacement on 
top surface(cm) 
Total 
deformation time  
(s) 
Strain rate (s-1) Stress ( 13 σσ − ) 
(MPa) 
Strain rate 1 2.48 1e19 1.41e-20 0.1 
Strain rate 2 2.48 1e14 1.41e-15 1.0 
Strain rate 3 2.42 1e12 1.37e-13 2.5 
Strain rate 4 2.37 1e10 1.34e-11 6.25 
Strain rate 5 2.30 1e08 1.30e-09 15.6 
Strain rate 6 2.26 1e06 1.27e-07 39.0 
Strain rate 7 2.22 1e04 1.25e-05 97.6 
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Table 3: Parameters in the model (Newtonian law creep is applied) 
 Vertical 
displacement on 
top surface(cm) 
Total 
deformation time 
(s) 
Strain rate (s-1) Stress ( 13 σσ − ) 
(MPa) 
Strain rate 1 2.54 1.2e13 1.21e-14 0.1 
Strain rate 2 2.54 1.2e12 1.21e-13 1.0 
Strain rate 3 2.16 4e11 3.02e-13 2.5 
Strain rate 4 2.40 1.8e11 7.56e-13 6.25 
Strain rate 5 2.34 7e10 1.89e-12 15.6 
Strain rate 6 2.49 3e10 4.72e-12 39.0 
Strain rate 7 2.131 1e10 1.18e-11 97.6 
 
Part 2: Simulation of the triaxial experiment on the sample with fixed boundary 
conditions in the radial direction  
 
In the part, we keep the vertical displacement rate on the top surface as a constant and 
choose fixed radial movement on the boundary. Through the simulation of the triaxial 
experiment on the sample with fixed boundary conditions in the radial direction, we can 
estimate how big the error is in most experiments with friction condition. The comparison 
between the two simulations in Part 1 and 2 will be made in the next part. 
 
Boundary conditions are fixed perpendicular to the boundary on the bottom and the sides, 
i.e. no radial movement on the top and bottom edges and no axial movement at the bottom. 
The top boundary condition is, displacement applied in axial direction and displacement 
fixed in radial direction. The parameters and results for validations for dislocation creep 
and solution precipitation creep is shown in Table 4 and Table 5, separately. 
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Table 4:  Parameters of validations for dislocation creep 
 Vertical 
displacement on 
top surface (cm) 
Total 
deformation time 
(s) 
Strain rate (s-1) Stress ( 13 σσ − ) 
(MPa) 
Strain rate 1 2.48 1e19 1.41e-20 0.104418 
Strain rate 2 2.48 1e14 1.41e-15 1.035221 
Strain rate 3 2.42 1e12 1.37e-13 2.584165 
Strain rate 4 2.37 1e10 1.34e-11 6.445216 
Strain rate 5 2.30 1e08 1.30e-09 16.061628 
Strain rate 6 2.26 1e06 1.27e-07 40.121377 
Strain rate 7 2.22 1e04 1.25e-05 100.133027 
 
For the fixed radial-movement boundary condition, the heterogeneous deformation occurs 
due to the fixed boundary condition. In order to get the stress, we calculated the total force 
∑F on the top boundary and then the total load is divided by the area of cross section, a 
function of time. Here we choose the average area of cross section which equals to the 
volume over the length: 
0
.
0
0
( )
( ) 1( )1
yy
AV VA t
l t u t tl
l
ε
= = =
− ∆ −
 
 
                                            (6)                                                                                  
where A(t) is the average area of cross section, l(t) is the length of the cylindrical sample, 
V is the volume of the sample, A0 is the area of cross section, 
.
( )u t is the displacement 
rate, yyε is the strain in the longitudinal direction. The stress is calculated through the total 
force over the average area of cross section, 
( )
( )
F
t
A t
σ = ∑                                                                               (7)                                                                                                                  
where σ(t) is the stress, ∑F is the total force acting on the cross-section, A(t) is the area of 
cross section. 
 
Chapter 3 
 
55 
 
Table 5:  Parameters of validations for solution precipitation creep 
 Vertical 
displacement on 
top surface (m) 
Total 
deformation time 
(s) 
Strain rate (s-1) Stress ( 13 σσ − ) 
(MPa) 
Strain rate 1 2.54 1.2e13 1.21e-14 0.11019 
Strain rate 2 2.54 1.2e12 1.21e-13 1.08882 
Strain rate 3 2.16 4e11 3.02e-13 2.71706 
Strain rate 4 2.40 1.8e11 7.56e-13 6.7787 
Strain rate 5 2.34 7e10 1.89e-12 16.90026 
Strain rate 6 2.49 3e10 4.72e-12 42.11896 
Strain rate 7 2.131 1e10 1.18e-11 105.2846 
 
Part 3: Comparison of the results with different boundary conditions  
 
As we all know, the stages of creep includes the initial stage called primary creep and the 
second stage called steady-state creep. In the stage of primary creep the strain rate 
decreases from relatively high value gradually. In the stage of steady-state creep the strain 
rate reaches almost a constant value. The creep strain rate means the rate in the stage of 
steady-state creep. The relation between the differential stress and creep strain rate can be 
described as power law equation (1) or (2). In the numerical simulation, we apply elastic 
law and power law equation (the steady-state creep law) on the rocksalt sample. We can 
reach the relation between the differential stress and strain and evaluate the friction 
boundary effect in the experiment. We can reach the relation between the differential 
stress and strain rate in steady-state creep stage and make a comparison between numerical 
and experimental result. 
 
In Figure 4a, we can see that the thick line with dots represents the differential stress with 
the fixed boundary condition. The thin line with dots represents the differential stress with 
free boundary condition. The homogeneous deformation results in the constant stress in 
the steady state.  
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Figure 4a: Differential stress and strain in y direction for fixed and free boundary condition 
 
Figure 4b: Differential stress (around 0.1 MPa) and strain  
From the stress-strain curve in Figure 4a we can see the mechanical behavior of rocksalt 
includes elastic and steady-state creep process. However, it is obvious there is a 'pseudo' 
primary creep between elastic and steady-state creep stage. In the numerical model we do 
not apply primary creep in the material property. It is because creep which lead to stress 
relaxation can occur even the elastic strength is not reached after the loading is applied for 
a short period time. Figure 4b is an additional figure to show clearly the differential stress 
E=10GPa 
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(around 0.1MPa) vs strain in Figure 4a. When the strain rate and differential stress in 
steady state is small, the 'pseudo' primary creep is not obvious. 
 
               Figure 5: Differential stress and strain for fixed and free boundary condition 
 
In Figure 5, we can see the comparison when we choose n=1. The solid line with dots 
represents the differential stress with the fixed boundary condition. The thin line with dots 
represents the differential stress with free boundary condition. The differential stress 
slowly increases because in reality the strain rate slowly increases because the top surface 
displacement velocity is constant. The change of stress is more sensible to the slow 
increase of strain rate when Newtonian creep law (n=1) dominates. 
 
Figure 6 shows the differential stress and strain rate diagram summarizing low 
temperature laboratory data for a wide range of salts. Broken line is extrapolation of the 
dislocation creep law, taking n=5. The blue and red dots show the results of the relation 
between the differential stress and strain rate for n=5 and n=1, respectively, from the 
numerical simulation with free x-movement boundary (the frictionless boundary 
condition) of the cylindrical sample. We can see that the numerical solutions fit the 
experimental results quite well. 
 
Although from the numerical result the relation between stress and strain has a small 
difference from the theoretical situation, the relation between the strain rate and 
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differential stress with free boundary condition matches the theoretical situation very well. 
This shows that for the steady state creep the numerical solution is in a good agreement 
with experimental result despite a 'pseudo primary creep' between elastic and steady state 
creep stage. Therefore, the numerical result of the pre-parameter A and the power order n 
(eq.1) achieved from free radial-movement boundary condition can be thought as correct 
rheology.  
 
 
 
 
3.2.2 Error evaluation due to the end effect for rheology laws  
 
In the real experiment, the modified result for A* and n* (from the experiment with 
friction boundary) has error compared with A and n. In theory, if the material and structure 
is homogeneous with free radial-movement boundary condition at the top or bottom 
boundary, the result for testing A* and n* should equal to the theoretical result A and n. If 
the deformation is heterogeneous with fixed radial-movement boundary condition at the 
top or bottom boundary, the result for testing A* and n* should have an error compared 
Figure 6: The differential stress and strain rate diagram. Solid line is the pressure solution creep law for 
fine and coarse grain sizes at room temperature. Broken line is the extrapolation of the dislocation creep 
law. The red and blue dots represent numerical results with free radial-movement boundary condition 
(modified from Urai & Spiers, 2007). 
 
Chapter 3 
 
59 
 
with A and n. In this research, how much of the error can be quantified with the numerical 
model. 
 
The data of strain rate and differential stress in logarithm scale is added to the figure, the 
comparison between the fixed boundary condition and free boundary condition is shown 
in Figure 7. According to the experiment, the differential stress is chosen when the strain 
reaches 10% of the final strain at the end of the simulation. 
 
 
 
 
 
In Figure 7, we can see that the power order of the results for fixed boundary condition is 
5.018 which is higher than 5.0. The parameter A* for fixed boundary condition is 1.14×10-
15 MPa-5 s-1 which is lower than 1.41×10-15 MPa-5 s-1.With the increasing of the strain rate, 
the average stress becomes closer to the theoretical stress. 
Figure 7: The comparisons of the log strain rate and log differential stress between the results for both 
fixed boundary condition and free boundary condition. 
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Figure 8b: The barreling profile of the sample for 
the power law exponent n=1 (pressure solution 
creep) 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8a and 8b show the contours of horizontal displacement of the rocksalt when 
dislocation creep and pressure solution creep dominate the deformation. Figure 9 shows 
the comparison between the results of horizontal displacement for the two mechanisms. 
 
 
 
 
Figure 8a: The barreling profile of the sample for 
the power law exponent n=5 (dislocation creep) 
 
Figure 9: The comparison between the results of horizontal displacement for dislocation creep and 
pressure solution creep (The differential stress is 97.6MPa for both creep laws). 
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3.2.3 The effect of specimen geometry (length-to-diameter ratios) on the 
differential stress 
 
Additionally, we test the effect of length-to-diameter ratio on the mechanical rock 
behaviors specimen which was firstly discussed in the references (Obert et al., 1946 and 
Hodgson & Cook, 1970). They have discussed about the effect of the specimen dimension 
on the rock strength. In our research, series of finite element analyses has been carried out 
to show the relation of the specimen dimension to the differential stress for the rock, 
following power-law deformation mechanisms. We choose the data from Strain rate 7 in 
Table 5 and the strain rate is 1.25×10-5. 
 
Series of tests are performed on cylindrical specimens with L/D ratio varied from 0.1, 
0.25, 0.5, 0.75, 1, 2, 3, to 10. The analyses include the rock specimen with boundary 
friction and the approach is the same as in 2.1. The result in Figure 10 shows that the 
length-to-diameter ratio has a strong effect on the differential stress for small L/D ratios. 
When L/D is smaller than 1, the differential stress is large compared to the theoretical 
result according to homogeneous situation. When L/D is larger than 1, the differential 
stress is getting closer to the theoretical value. The theoretical stress can be reached when 
the simulation on rock sample with free boundary condition in radial direction. For strain 
rate=1.25×10-5, the theoretically expected differential stress is 97.6MPa.  
 
                   
Figure 10: Differential stress- Height-to-width ratio 
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We can conclude that the experimental results for differential stress are dependent on the 
specimen shape (L/D) ratio (Figure 10). The stress is 4 times larger when the ratio is 
smaller than 0.1. When the ratio is larger than 1, the experimental results are close to the 
theoretical value. Usually the ratio of rock sample chosen in triaxial experiment is 2. 
 
3.2.4 Conclusions 
 
1. The numerical model can simulate the real triaxial experiment. For the top and bottom 
boundary of the cylindrical sample, boundary conditions with free movement in the radial 
direction and boundary conditions without movement in the radial direction have been 
considered. The model with free radial-movement boundary condition will reproduce the 
correct rheology (A, n) although a 'pseudo primary creep' is shown in the stress-strain 
curve because the stress relaxation after creep influences the transition of differential 
stress from elastic to viscous stage. 
 
2. We can see that friction at the piston produces different barrelling profiles for different 
power law exponents of the creep law, and the observed power order varies from 5 to 
5.018 with the effect on the stress-strain response as compared to frictionless piston with 
homogeneous deformation. 
 
 
3.3 Summary of rheology researches in experiments 
 
In this section, we summarize the results of experiments investigation salt rheology 
published in last 30 years and make further discussions about the salt deformation and 
controlling mechanisms. We make a database for the salt creep measurement, 
summarizing the range of strain rate and the differential stress. 
 
3.3.1 Salt creep at 20-200°C 
 
3.3.1.1 Deformation Mechanisms Observed in Experiments 
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Salt flow or halokinesis often occurs at the temperature from 20°C to 200°C. Salt 
deformation at 20-200°C was widely investigated in the laboratories by Heard (1972), 
(1986), Hansen (1979), Wawersik & Hannum (1980), Wawersik & Zeuch (1984), Hansen 
& Carter (1984), Wawersik (1985), Wawersik & Zeuch (1986), Senseny (1988), DeVries 
(1988), Spiers et al. (1990), Wawersik & Zimmerer (1994), Weidinger et al. (1997), Yang 
et al. (1999), Hunsche & Hampel (1999), Peach (2001), Hunsche et al. (2003), Ter Heege 
et al. (2005a), (2005b) and Schoenherr (2007).  
 
The data in Figure 11 and 12 show the strain rate versus differential stress during the 
steady-state creep of rocksalt from different area such as Asse, Avery Island, Gorleben, 
South Oman and synthetic sample. Two main relations can be observed, one relation 
between the strain rate and differential stress (Figure 11) follows power-law equation 
which is relevant to dislocation creep while the other relation (Figure 12) follows 
Newtonian equation which is relevant to pressure solution creep. 
 
3.3.1.2 Creep and strain rate discussion 
 
The data in Figure 12 shows that the salt rheology is dependent on three important factors 
for wet halite deformation, the grain size, water content and temperature. The creep strain 
rate of fine grained wet halite at 20°C is above 10-8 s-1 and similar to the one of coarse 
grained wet halite at 70°C. Moreover, water content in the halite can also influence the salt 
rheology. Coarse grained wet halite at 70°C in Figure 12 has similar strain rate to dry 
halite at 200°C in Figure 11 when the differential stress is the same. 
 
It is clearly demonstrated in Figure 11 that relation between strain rate and differential 
stress in these experiments are controlled by power-law equation with the power order 5 
which is relevant to dislocation creep when the salt deforms at 30°C to 200°C (Heard, 
1972; Wawersik & Hannum, 1980; Hansen & Carter, 1984; DeVries, 1988; Weidinger et 
al., 1997; Hunsche & Hampel, 1999; Hunsche et al., 2003). At each temperature, the range 
of the strain rate varies by around two orders of magnitude when the same differential 
stress is considered on the halite. We can see the salt rheology is strongly dependent on the 
temperature and higher temperature leads to larger strain rate. 
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Due to time scale constraint in the experiment, it is rather difficult to realize the 
deformation process with the strain rate below 10-9 s-1, in figures we put two creep laws as 
not only comparison but also an extrapolation of the data which were observed in the 
experiments. The option of the deformation mechanisms for low strain rate needs to be 
further discussed. 
 
3.3.2 Rocksalt deformation in natural laboratories 
 
It is necessary to study the rock salt deformation in nature as an important extrapolation of 
laboratory data in order to observe detailed information for deformation mechanisms. The 
samples can be deeply investigated with the development of the microstructural analysis 
such as gamma-irradiation and Cryo-SEM (Schléder et al., 2007). 
 
All the deformation mechanisms including dislocation creep, solution-precipitation creep 
and water-assisted dynamic recrystallisation were shown in the naturally deformed salt in 
the microstructural studies in Urai et al. (1987), Schléder & Urai (2005), Schléder et al. 
(2007). It is shown in Schléder & Urai (2005) that differential stress is normally smaller 
than 2MPa in naturally deformed salt. If the differential stress is low, grain boundaries 
tend to heal or neck driven by interfacial energy then the grain boundaries immobile and 
only dislocation creep is dominant in natural salt deformation (Urai et al., 2008). 
 
In addition to the microstructure observation, numerical modeling on salt deformation has 
been developed in recent years. It can be another effective method to study constitutive 
equations for salt flow based on natural deformation and will also deliver reliable 
reference in salt mining engineering. 
 
3.3.3 Discussion and conclusions 
 
Through the summation of all the experiments about the salt creep in laboratory, we have 
established a database for rocksalt rheology at 20-200°C. From the database, we can 
investigate that rocksalt from different location has a wide range of strain rate after the 
same differential stress is applied. Various rocksalt has the different water content in the 
pore and grain boundary, which strongly affect the rheological behavior. The temperature 
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plays an important role on the deformations. The strain rate of halite varies by 1.5 to 2 
orders of magnitude in every 50°C because the change of the temperature varies the total 
value of the term A0 exp(-Q/RT) in eq. 1, following Arrhenius law derived from activation 
energy. Halite rheology is mainly dominated by two main models of the deformation 
mechanisms in laboratory experiments (equations 1-2). The two major deformation 
mechanisms in rock salt are dislocation creep and solution - precipitation creep. The one 
(pressure solution creep) corresponds to Newtonian viscous rheology with a viscosity 
dependent on grain size and temperature, the other (dislocation creep) corresponds to 
power law creep with high stress exponent, here creep is mainly temperature dependent. 
 
Based on the deformation mechanisms of rock salt, modelers can choose an effective 
viscosity which is an implementation of power law creep, making a combination of 
viscosity associated with both dislocation and solution-precipitation creep (a similar 
approach is used in many other papers by the salt tectonics modeling community such as 
Van Keken, 1993; Koyi, 2001; Ings & Beaumout, 2010). For creep of salt under high 
differential stress, for example 2.0 MPa, which is in agreement with many studies which 
used subgrain size piezometry on salt deformed by a combination of dislocation creep and 
pressure solution creep. The effective viscosity is a permissible model, because dynamic 
recrystallization tends to bring the contributions of dislocation creep and pressure solution 
creep into balance and grain boundaries are mobile (De Bresser, 2001).  
 
However, the observation of rock salt deformation in natural laboratory through 
microstructural researches provides the important information for the differential stress 
smaller than 2.0 MPa. Under this differential stress, the dynamic recrystallization changes 
the grain size and it contributes to the balance between the dislocation and pressure 
solution creep controlling rock salt deformation. If the differential stress is much lower, 
grain boundaries tend to heal driven by interfacial energy, pressure solution creep is 
switched off and deformation can only proceed by dislocation creep, at dramatically lower 
strain rates. In other words, the effective viscosity under these low differential stress 
values is many orders of magnitude higher. A more detailed recent review of these issues 
is Urai et al. (2008). 
 
In the initial stages of salt tectonics, the differential stresses in salt are very low and recent 
studies suggest that under these conditions pressure solution creep in the salt should be 
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inactive and salt is n=5 material. A related issue is raised by the observation that 
anhydrite- dolomite stringers do not sink through salt over long geologic periods (Van 
Gent et al., 2011; Burchardt et al., 2011).  
 
In conclusion, from the microstructural observation of naturally deformed salt, the 
differential stress is usually less than 2.0 MPa and power law creep can be used to describe 
the deformation. Moreover, at low stress due to the healing and necking of the grain 
boundary, rock salt deformation is only proceeded by dislocation creep while pressure 
solution creep is switched off. Since the studies of salt deformation in nature is the reliable 
extrapolation of laboratory data, we simplify the rock salt rheology to dislocation creep 
corresponds to power law creep (n=5) with the appropriate material parameters in the salt 
tectonics modeling in next chapters. 
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Figure 11: Strain rate vs. differential stress of coarse grain halite at 30-200°C 
Figure 12: Strain rate vs. differential stress of fine and coarse grain wet halite at 20 and 70°C 
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3.4 Appendix 
 
Table 6: Data of the coarse grain halite at 30-200°C 
Source Location Legend 
Temperat-
ure (°C ) 
diff. 
stress 
(MPa) 
strain rate 
(1/s) 
Hunsche et al. 2003 Gorleben 
Coarse grained 
Halite 30 22.26 2.57E-09 
Hunsche et al. 2003 Gorleben  30 24.23 4.69E-09 
Hunsche et al. 2003 Gorleben  30 25.29 5.55E-09 
Hunsche et al. 2003 Gorleben  30 26.26 6.41E-09 
Hunsche et al. 2003 Gorleben  30 28.25 6.73E-09 
Hunsche et al. 2003 Gorleben  30 28.25 7.96E-09 
Hunsche et al. 2003 Gorleben  30 28.32 8.97E-09 
Hunsche et al. 2003 Gorleben  30 30.25 7.06E-09 
Hunsche et al. 2003 Gorleben  30 31.79 1.32E-08 
Aubertin et al. 1989 Artificial salt 
Coarse grained 
Halite 30 10.00 7.60E-10 
Aubertin et al. 1989 Artificial salt  30 15.00 5.50E-09 
Aubertin et al. 1989 Artificial salt  30 20.00 2.48E-08 
Hunsche et al. 2003 Gorleben 
Coarse grained 
Halite 50 18.61 3.41E-10 
Hunsche et al. 2003 Gorleben  50 20.99 7.58E-09 
Hunsche et al. 2003 Gorleben  50 24.01 2.35E-08 
Hunsche et al. 2003 Gorleben  50 24.93 2.78E-08 
Hunsche et al. 2003 Gorleben  50 25.95 3.80E-08 
Hunsche et al. 2003 Gorleben  50 27.92 3.89E-08 
Hunsche et al. 2003 Gorleben  50 27.92 4.60E-08 
Hunsche et al. 2003 Gorleben  50 27.92 5.07E-08 
Hunsche et al. 2003 Gorleben  50 31.87 6.44E-08 
Hunsche et al. 2003 Gorleben  50 33.88 8.40E-08 
Hunsche et al. 2003 Gorleben  50 24.95 2.77E-09 
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Hunsche et al. 2003 Gorleben  50 27.81 7.99E-09 
Hunsche et al. 2003 Gorleben  50 31.89 3.91E-08 
Wawersik  et al. 1980b 
West 
Hackberry 
Coarse grained 
Halite 60 19.9 5.97E-08 
Wawersik  et al. 1980b 
West 
Hackberry  60 20 7.23E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 20.7 5.96E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 18.8 1.30E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 16.8 2.08E-09 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 13.6 8.80E-09 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 16.8 2.48E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 17 1.63E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 20.20 6.19E-08 
Wawersik and Zeuch 
1984 
West 
Hackberry  60 16.70 2.75E-08 
Wawersik 1985 Big Hill 
Coarse grained 
Halite 60 14.90 1.03E-08 
Wawersik 1985 Big Hill  60 15.10 1.38E-08 
Wawersik 1985 Big Hill  60 17.90 3.64E-08 
Wawersik 1985 Big Hill  60 14.40 1.19E-08 
Wawersik 1985 Big Hill  60 14.50 2.21E-08 
Wawersik 1985 Big Hill  60 17.30 4.79E-08 
Wawersik 1985 Big Hill  60 15.10 1.42E-08 
Wawersik 1985 Big Hill  60 15.10 1.32E-08 
Wawersik 1985 Big Hill  60 17.90 3.63E-08 
Wawersik 1985 Big Hill  60 17.90 4.46E-08 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw  
Coarse grained 
Halite 60 14.70 3.49E-09 
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Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 14.70 1.13E-09 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 14.80 6.80E-10 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 17.00 3.70E-09 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 14.90 4.70E-10 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 17.10 3.70E-09 
Wawersik and Zeuch 
1984 
Bayou 
Choctaw   60 14.80 1.00E-10 
Wawersik et al. 1980a 
Bryan 
Mound 
Coarse grained 
Halite 60 10.10 2.52E-10 
Wawersik et al. 1980a 
Bryan 
Mound  60 21.60 2.20E-09 
Wawersik et al. 1980a 
Bryan 
Mound  60 20.80 9.00E-10 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 19.90 8.70E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 20.1 4.90E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16 2.81E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16.2 2.78E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 22.6 6.69E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16 2.81E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16.2 2.78E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 22.6 6.69E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 
16 2.81E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16.20 2.78E-09 
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Wawersik and Zeuch 
1984 
Bryan 
Mound  60 22.60 6.69E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 20.90 5.59E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 14.20 1.60E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 21.70 1.10E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 14.00 1.10E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 14.40 6.00E-10 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 15.40 7.40E-10 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 15.30 4.70E-10 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 20.60 4.30E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 20.5 2.20E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 
22.1 3.28E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 
24.5 9.60E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 17.20 2.32E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 17.20 1.28E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 19.60 3.28E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 19.60 3.31E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16.30 9.40E-10 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 17.30 2.20E-09 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 19.70 3.48E-09 
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Wawersik and Zeuch 
1984 
Bryan 
Mound  60 16.10 1.18E-08 
Wawersik and Zeuch 
1984 
Bryan 
Mound  60 19.50 2.14E-08 
Wawersik and 
Zimmerer 1984 
Jennings 
Dome 
Coarse grained 
Halite 60 16.30 9.40E-10 
Wawersik and 
Zimmerer 1984 
Jennings 
Dome  60 17.30 2.20E-09 
Wawersik and 
Zimmerer 1984 
Jennings 
Dome 
Coarse grained 
Halite 60 19.70 3.48E-09 
Wawersik and 
Zimmerer 1984 Moss Bluff  60 16.10 1.18E-08 
Wawersik and 
Zimmerer 1984 Moss Bluff  60 19.50 2.14E-08 
Herrmann 1980 Salado 
Coarse grained 
Halite 60 5.37 2.00E-10 
Herrmann 1980 Salado  60 5.37 3.16E-10 
Herrmann 1980 Salado  60 6.31 2.51E-10 
Herrmann 1980 Salado  60 6.76 3.98E-10 
Herrmann 1980 Salado  60 6.76 6.31E-10 
Herrmann 1980 Salado  60 6.76 1.26E-09 
Herrmann 1980 Salado  60 6.76 2.00E-09 
Herrmann 1980 Salado  60 
7.2443596
007 1.58E-09 
Herrmann 1980 Salado  60 
7.5857757
503 
1.99526231
5E-09 
Herrmann 1980 Salado  60 
8.3176377
11 1.00E-09 
Herrmann 1980 Salado  60 10 3.98E-10 
Herrmann 1980 Salado  60 10 1.00E-09 
Herrmann 1980 Salado  60 10 2.00E-09 
Herrmann 1980 Salado  60 10 2.51E-09 
Herrmann 1980 Salado  60 10 3.16E-09 
Herrmann 1980 Salado  60 10 5.01E-09 
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Herrmann 1980 Salado  60 10 7.94E-09 
Herrmann 1980 Salado  60 10 1.00E-08 
Herrmann 1980 Salado  60 10 1.58E-08 
Herrmann 1980 Salado  60 
15.848931
925 3.98E-09 
Herrmann 1980 Salado  60 
14.791083
882 6.31E-09 
Herrmann 1980 Salado  60 
16.595869
074 5.62E-09 
Herrmann 1980 Salado  60 
15.848931
925 2.51E-08 
Herrmann 1980 Salado  60 
14.454397
707 3.98E-08 
Herrmann 1980 Salado  60 
18.197008
586 
5.01E-08 
Herrmann 1980 Salado  60 
21.379620
895 
3.98E-08 
Herrmann 1980 Salado  60 
20.417379
447 
6.31E-08 
Herrmann 1980 Salado  60 
22.387211
386 
1.58E-07 
Herrmann 1980 Salado  60 
22.387211
386 
2.00E-07 
Herrmann 1980 Salado  60 
22.387211
386 
3.16E-07 
Herrmann 1980 Salado  60 
23.442288
153 
3.98E-07 
Herrmann 1980 Salado  60 
24.547089
157 
1.58E-07 
Herrmann 1980 Salado  60 
23.442288
153 
2.51E-07 
Herrmann 1980 Salado  60 
29.512092
267 
6.31E-07 
Herrmann 1980 Salado  60 
29.512092
267 
1.00E-06 
Herrmann 1980 Salado  60 
33.884415
614 
5.01E-06 
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Herrmann 1980 Salado  60 39.81 6.31E-06 
Hunsche et al. 2003 Gorleben 
Coarse grained 
Halite 100 12.66 2.63E-09 
Hunsche et al. 2003 Gorleben  100 12.94 2.51E-09 
Hunsche et al. 2003 Gorleben  100 13.21 2.34E-09 
Hunsche et al. 2003 Gorleben  100 12.69 3.43E-09 
Hunsche et al. 2003 Gorleben  100 14.69 7.96E-09 
Hunsche et al. 2003 Gorleben  100 16.00 1.64E-08 
Hunsche et al. 2003 Gorleben  100 16.97 2.99E-08 
Hunsche et al. 2003 Gorleben  100 18.00 5.45E-08 
Hunsche et al. 2003 Gorleben  100 20.07 6.60E-08 
Hunsche et al. 2003 Gorleben  100 19.97 8.40E-08 
Hunsche et al. 2003 Gorleben  100 21.95 2.93E-07 
Hunsche et al. 2003 Gorleben  100 24.93 4.20E-07 
Hunsche et al. 2003 Gorleben  100 24.99 7.13E-07 
Hunsche et al. 2003 Gorleben  100 24.99 1.07E-06 
Hunsche et al. 2003 Gorleben  100 24.87 9.75E-07 
Hunsche et al. 2003 Gorleben  100 17.93 1.64E-08 
Hunsche et al. 2003 Gorleben  100 24.14 1.65E-07 
Hunsche et al. 2003 Gorleben  100 26.91 4.32E-07 
Horseman et al. (1992) Avery Island 
Coarse grained 
Halite 100 18.9 1.00E-06 
Horseman et al. (1992) Avery Island  100 14.1 1.00E-07 
Horseman et al. (1992) Avery Island  100 15.6 1.00E-07 
Horseman et al. (1992) Avery Island  100 9.4 1.00E-08 
Horseman et al. (1992) Avery Island  100 4.7 1.00E-09 
Hansen & Carter 
(1984) Avery Island  100 5 1.25E-09 
Hansen & Carter 
(1984) Avery Island  100 18.1 1.74E-07 
Hansen & Carter 
(1984) Avery Island  100 20.7 8.28E-07 
Chapter 3 
 
75 
 
Hansen & Carter 
(1984) Avery Island  100 10.3 8.15E-09 
Hansen & Carter 
(1984) Avery Island  100 15.5 8.07E-08 
Hansen & Carter 
(1984) Avery Island  100 15.5 7.71E-08 
Senseny (1988) Avery Island  100 5 1.20E-09 
Senseny (1988) Avery Island  100 7.5 4.48E-09 
Senseny (1988) Avery Island  100 15 6.75E-08 
DeVries(1988) Avery Island  100 4.95 1.12E-09 
DeVries(1988) Avery Island  100 6.77 3.39E-09 
DeVries(1988) Avery Island  100 7.46 3.75E-09 
DeVries(1988) Avery Island  100 8.55 7.69E-09 
DeVries(1988) Avery Island  100 8.92 1.06E-08 
DeVries(1988) Avery Island  100 8.98 1.15E-08 
DeVries(1988) Avery Island  100 9.91 1.44E-08 
DeVries(1988) Avery Island  100 10.1 1.62E-08 
DeVries(1988) Avery Island  100 10.22 1.08E-08 
DeVries(1988) Avery Island  100 10.27 1.53E-08 
DeVries(1988) Avery Island  100 12.1 2.50E-08 
DeVries(1988) Avery Island  100 12.3 4.74E-08 
DeVries(1988) Avery Island  100 12.35 3.71E-08 
DeVries(1988) Avery Island  100 12.37 3.38E-08 
DeVries(1988) Avery Island  100 12.39 2.93E-08 
DeVries(1988) Avery Island  100 12.4 3.10E-08 
DeVries(1988) Avery Island  100 12.46 2.90E-08 
DeVries(1988) Avery Island  100 12.49 4.02E-08 
DeVries(1988) Avery Island  100 13.57 3.16E-08 
DeVries(1988) Avery Island  100 13.78 2.81E-08 
DeVries(1988) Avery Island  100 14.70 5.58E-08 
DeVries(1988) Avery Island  100 16.87 1.11E-07 
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DeVries(1988) Avery Island  100 17.20 1.43E-07 
DeVries(1988) Avery Island  100 19.96 3.55E-07 
Weidinger (1997) Asse 
Coarse grained 
Halite 100 7.00 1.20E-10 
Weidinger (1997) Asse  100 7.00 1.40E-10 
Weidinger (1997) Asse  100 7.00 2.00E-10 
Weidinger (1997) Asse  100 8.00 2.10E-10 
Weidinger (1997) Asse  100 7.80 3.10E-10 
Weidinger (1997) Asse  100 11.00 7.00E-10 
Weidinger (1997) Asse  100 10.50 1.00E-09 
Weidinger (1997) Asse  100 13.00 2.00E-09 
Weidinger (1997) Asse  100 15.00 8.00E-09 
Weidinger (1997) Asse  100 16.50 2.00E-08 
Weidinger (1997) Asse  100 17.50 3.00E-08 
Weidinger (1997) Asse  100 20.00 7.00E-08 
Weidinger (1997) Asse  100 20.00 9.00E-08 
Weidinger (1997) Asse  100 21.80 3.00E-07 
Weidinger (1997) Asse  100 22.50 5.00E-07 
Weidinger (1997) Asse  100 25.00 4.00E-07 
Weidinger (1997) Asse  100 25.00 6.00E-07 
Weidinger (1997) Asse  100 25.00 7.00E-07 
Wawersik(1983) Asse  
100 8.0352612
219 
7.94E-10 
Wawersik(1983) Asse  100 8.13 1.26E-09 
Wawersik(1983) Asse  100 8.32 2.00E-09 
Wawersik(1983) Asse  100 16.60 3.98E-08 
Wawersik(1983) Asse  100 16.98 1.00E-07 
Wawersik(1983) Asse  100 18.62 1.58E-07 
Hunsche & Hampel 
(1999) Asse  100 12.88 3.16E-09 
Hunsche & Hampel 
Asse  100 
13.031667
3.55E-09 
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(1999) 785 
Hunsche & Hampel 
(1999) Asse  100 
13.182567
386 
2.51E-09 
Hunsche & Hampel 
(1999) Asse  100 
13.803842
646 
2.00E-09 
Hunsche & Hampel 
(1999) Asse  100 
14.791083
882 
6.31E-09 
Hunsche & Hampel 
(1999) Asse  100 
16.982436
525 
1.58E-08 
Hunsche & Hampel 
(1999) Asse  100 
17.378008
287 
3.98E-08 
Hunsche & Hampel 
(1999) Asse  100 
18.620871
367 5.01E-08 
Hunsche & Hampel 
(1999) Asse  100 
19.952623
15 
6.31E-08 
Hunsche & Hampel 
(1999) Asse  100 
19.952623
15 
7.94E-08 
Hunsche & Hampel 
(1999) Asse  100 22.39 3.16E-07 
Hunsche & Hampel 
(1999) Asse  100 24.55 1.58E-07 
Hunsche & Hampel 
(1999) Asse  100 25.12 3.98E-07 
Hunsche & Hampel 
(1999) Asse  100 25.12 7.94E-07 
Hunsche & Hampel 
(1999) Asse  100 25.12 1.00E-06 
Hunsche & Hampel 
(1999) Asse  100 27.54 5.01E-07 
Wawersik & Hannum 
(1980) New Mexico 
Coarse grained 
Halite 100 6.90 1.00E-08 
Wawersik & Hannum 
(1980) New Mexico  100 7.20 8.10E-09 
Wawersik & Hannum 
(1980) New Mexico  100 6.90 2.50E-09 
Wawersik & Hannum 
(1980) New Mexico  100 16.20 8.98E-08 
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Wawersik & Hannum 
(1980) New Mexico  100 6.40 1.80E-09 
Wawersik & Hannum 
(1980) New Mexico  100 15.90 3.61E-08 
Heard (1986) New Mexico  100 18.40 1.53E-07 
Heard (1986) New Mexico  100 11.60 1.54E-08 
Ter Heege et al., 2005 
synthethic 
Coarse grained 
Halite 
148 17.6 3.60E-05 
Ter Heege et al., 2005 synthethic  149 7.2 5.30E-07 
Ter Heege et al., 2005 synthethic  149 19.1 4.50E-05 
Ter Heege et al., 2005 synthethic  149 22.4 3.20E-05 
Ter Heege et al., 2005 synthethic  150 11.3 2.20E-06 
Ter Heege et al., 2005 synthethic  150 11.3 1.40E-06 
Ter Heege et al., 2005 synthethic  150 13.3 4.50E-06 
Ter Heege et al., 2005 synthethic  150 14.4 6.60E-06 
Hunsche et al. 2003 Gorleben 
Coarse grained 
Halite 150 5.36 8.11E-10 
Hunsche et al. 2003 Gorleben  150 5.42 9.59E-10 
Hunsche et al. 2003 Gorleben  150 6.05 1.88E-09 
Hunsche et al. 2003 Gorleben  150 6.27 1.38E-09 
Hunsche et al. 2003 Gorleben  150 6.31 1.38E-09 
Hunsche et al. 2003 Gorleben  150 7.02 8.97E-09 
Hunsche et al. 2003 Gorleben  150 7.81 1.38E-08 
Hunsche et al. 2003 Gorleben  150 7.94 1.52E-08 
Hunsche et al. 2003 Gorleben  150 8.07 1.32E-08 
Hunsche et al. 2003 Gorleben  150 9.02 2.29E-08 
Hunsche et al. 2003 Gorleben  150 9.14 3.53E-08 
Hunsche et al. 2003 Gorleben  150 9.23 3.53E-08 
Hunsche et al. 2003 Gorleben  150 9.70 2.91E-08 
Hunsche et al. 2003 Gorleben  150 9.84 2.91E-08 
Hunsche et al. 2003 Gorleben  150 9.72 3.45E-08 
Chapter 3 
 
79 
 
Hunsche et al. 2003 Gorleben  150 9.52 5.71E-08 
Hunsche et al. 2003 Gorleben  150 10.10 4.60E-08 
Hunsche et al. 2003 Gorleben  150 10.89 4.18E-08 
Hunsche et al. 2003 Gorleben  150 12.34 9.47E-08 
Hunsche et al. 2003 Gorleben  150 13.03 1.90E-07 
Hunsche et al. 2003 Gorleben  150 13.50 3.00E-07 
Hunsche et al. 2003 Gorleben  150 13.50 3.55E-07 
Hunsche et al. 2003 Gorleben  150 13.56 5.61E-07 
Hunsche et al. 2003 Gorleben  150 13.98 4.63E-07 
Hunsche et al. 2003 Gorleben  150 14.90 3.15E-07 
Hunsche et al. 2003 Gorleben  150 13.98 5.48E-07 
Hunsche et al. 2003 Gorleben  150 14.05 7.85E-07 
Hunsche et al. 2003 Gorleben  150 14.59 2.16E-06 
Hunsche et al. 2003 Gorleben  150 16.85 1.40E-06 
Hunsche et al. 2003 Gorleben  150 18.04 1.96E-06 
Hunsche et al. 2003 Gorleben  150 19.14 3.17E-06 
Hunsche et al. 2003 Gorleben  150 19.78 7.35E-06 
Hunsche et al. 2003 Gorleben  150 20.07 2.74E-06 
Hunsche et al. 2003 Gorleben  150 21.95 1.08E-05 
Hunsche et al. 2003 Gorleben  150 24.99 4.35E-05 
Hunsche et al. 2003 Gorleben  150 14.99 6.66E-07 
DeVries(1988) Avery Island 
Coarse grained 
Halite  2.99 5.08E-09 
DeVries(1988) Avery Island   4.90 1.84E-08 
DeVries(1988) Avery Island   6.77 3.97E-08 
DeVries(1988) Avery Island   8.82 4.20E-08 
Handin et al. (1986) Avery Island  150 11.7 1.00E-06 
Hunshe & Hampel 
(1999) Asse-z2SP 
Coarse grained 
Halite 
 5.3703179
637 
6.31E-10 
Hunshe & Hampel 
(1999) Asse-z2SP   
5.4954087
386 7.94E-10 
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Hunshe & Hampel 
(1999) Asse-z2SP  
 6.0255958
607 
2.00E-09 
Hunshe & Hampel 
(1999) Asse-z2SP  
 6.4565422
903 
1.41E-09 
Hunshe & Hampel 
(1999) Asse-z2SP   7.08 1.00E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   7.94 1.26E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   7.76 1.58E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   8.13 1.26E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   9.12 2.00E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   9.33 2.51E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   9.55 5.01E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   9.77 2.51E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   10.23 3.16E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   10.96 3.98E-08 
Hunshe & Hampel 
(1999) Asse-z2SP   12.59 1.00E-07 
Hunshe & Hample 
(1999) Asse-z2SP   13.49 2.00E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   14.13 3.16E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   14.13 3.98E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   14.45 5.01E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   14.79 3.98E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   14.79 5.01E-07 
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Hunshe & Hampel 
(1999) Asse-z2SP   14.79 7.94E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   15.49 3.16E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   16.22 6.31E-07 
Hunshe & Hampel 
(1999) Asse-z2SP   16.98 1.00E-06 
Hunshe & Hampel 
(1999) Asse-z2SP   18.20 1.26E-06 
Hunshe & Hampel 
(1999) Asse-z2SP   19.50 3.16E-06 
Hunshe & Hampel 
(1999) Asse-z2SP   20.42 2.51E-06 
Hunshe & Hampel 
(1999) Asse-z2SP   20.42 6.31E-06 
Hunshe & Hampel 
(1999) Asse-z2SP   22.39 1.00E-05 
Hunshe & Hampel 
(1999) Asse-z2SP   25.12 5.01E-05 
Weidinger (1997) Asse-z2SP   6.00 9.00E-08 
Weidinger (1997) Asse-z2SP   5.20 5.00E-09 
Weidinger (1997) Asse-z2SP   7.00 5.00E-08 
Weidinger (1997) Asse-z2SP   8.00 2.00E-08 
Weidinger (1997) Asse-z2SP   9.00 8.00E-07 
Weidinger (1997) Asse-z2SP   10.00 5.00E-07 
Weidinger (1997) Asse-z2SP   12.00 3.00E-07 
Weidinger (1997) Asse-z2SP   14.00 1.00E-07 
Weidinger (1997) Asse-z2SP   15.00 8.00E-06 
Weidinger (1997) Asse-z2SP   20.00 9.00E-05 
Weidinger (1997) Asse-z2SP   25.00 9.00E-04 
Peach(2001) Asse-z2SP  150 12.00 3.50E-07 
Peach(2001) Asse-z2SP  150 11.70 3.50E-07 
Peach(2001) Asse-z2SP  150 12.20 3.50E-07 
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Peach(2001) Asse-z2SP  150 11.80 3.50E-07 
Peach(2001) Asse-z2SP  150 12.10 3.50E-07 
Peach(2001) Asse-z2SP  150 11.75 3.50E-07 
Hunsche et al. 2003 Gorleben 
Coarse grained 
Halite 200 3.23 7.34E-10 
Hunsche et al. 2003 Gorleben  200 3.26 6.66E-10 
Hunsche et al. 2003 Gorleben  200 3.33 8.08E-10 
Hunsche et al. 2003 Gorleben  200 3.90 1.15E-09 
Hunsche et al. 2003 Gorleben  200 3.96 1.19E-09 
Hunsche et al. 2003 Gorleben  200 3.89 3.31E-09 
Hunsche et al. 2003 Gorleben  200 3.92 3.53E-09 
Hunsche et al. 2003 Gorleben  200 3.97 3.76E-09 
Hunsche et al. 2003 Gorleben  200 4.81 1.49E-08 
Hunsche et al. 2003 Gorleben  200 4.95 1.23E-08 
Hunsche et al. 2003 Gorleben  200 4.99 1.23E-08 
Hunsche et al. 2003 Gorleben  200 6.01 3.89E-08 
Hunsche et al. 2003 Gorleben  200 6.04 3.89E-08 
Hunsche et al. 2003 Gorleben  200 6.81 1.09E-07 
Hunsche et al. 2003 Gorleben  200 7.52 1.46E-07 
Hunsche et al. 2003 Gorleben  200 8.32 1.69E-07 
Hunsche et al. 2003 Gorleben  200 8.09 2.36E-07 
Hunsche et al. 2003 Gorleben  200 8.15 2.66E-07 
Hunsche et al. 2003 Gorleben  200 8.01 3.00E-07 
Hunsche et al. 2003 Gorleben  200 8.01 3.64E-07 
Hunsche et al. 2003 Gorleben  200 9.02 6.96E-07 
Hunsche et al. 2003 Gorleben  200 9.02 7.48E-07 
Hunsche et al. 2003 Gorleben  200 8.85 1.82E-06 
Hunsche et al. 2003 Gorleben  200 8.87 2.01E-06 
Hunsche et al. 2003 Gorleben  200 9.38 8.44E-07 
Hunsche et al. 2003 Gorleben  200 9.91 1.15E-06 
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Hunsche et al. 2003 Gorleben  200 10.24 1.74E-06 
Hunsche et al. 2003 Gorleben  200 11.39 2.37E-06 
Hunsche et al. 2003 Gorleben  200 11.47 2.37E-06 
Hunsche et al. 2003 Gorleben  200 11.39 3.17E-06 
Hunsche et al. 2003 Gorleben  200 12.37 5.12E-06 
Hunsche et al. 2003 Gorleben  200 12.60 4.88E-06 
Hunsche et al. 2003 Gorleben  200 12.55 5.64E-06 
Hunsche et al. 2003 Gorleben  200 12.55 6.06E-06 
Hunsche et al. 2003 Gorleben  200 12.97 4.77E-06 
Hunsche et al. 2003 Gorleben  200 13.03 5.25E-06 
Hunsche et al. 2003 Gorleben  200 13.06 7.35E-06 
Hunsche et al. 2003 Gorleben  200 13.03 8.28E-06 
Hunsche et al. 2003 Gorleben  200 13.03 9.34E-06 
Hunsche et al. 2003 Gorleben  200 13.03 1.11E-05 
Hunsche et al. 2003 Gorleben  200 12.97 1.25E-05 
Hunsche et al. 2003 Gorleben  200 13.95 5.78E-06 
Hunsche et al. 2003 Gorleben  200 13.47 1.41E-05 
Hunsche et al. 2003 Gorleben  200 14.56 1.22E-05 
Hunsche et al. 2003 Gorleben  200 15.05 9.80E-06 
Hunsche et al. 2003 Gorleben  200 15.01 1.13E-05 
Hunsche et al. 2003 Gorleben  200 14.69 2.17E-05 
Hunsche et al. 2003 Gorleben  200 15.44 2.56E-05 
Hunsche et al. 2003 Gorleben  200 15.05 3.26E-05 
Hunsche et al. 2003 Gorleben  200 14.87 4.15E-05 
Hunsche et al. 2003 Gorleben  200 15.12 3.86E-05 
Hunsche et al. 2003 Gorleben  200 15.37 3.26E-05 
Hunsche et al. 2003 Gorleben  200 15.40 3.86E-05 
Hunsche et al. 2003 Gorleben  200 15.92 3.42E-05 
Hunsche et al. 2003 Gorleben  200 17.01 5.95E-05 
Hunsche et al. 2003 Gorleben  200 19.46 2.29E-04 
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Hunsche et al. 2003 Gorleben  200 20.94 2.40E-04 
Hunsche et al. 2003 Gorleben  200 21.08 2.40E-04 
Hunsche et al. 2003 Gorleben  200 22.90 1.06E-03 
Hunsche et al. 2003 Gorleben  200 24.93 1.23E-03 
Horseman & Handin 
(1990) Avery Island 
Coarse grained 
Halite 200 6.8 1.00E-07 
Handin et al. (1986) Avery Island  200 8.6 1.00E-06 
Hansen & Carter 
(1984) Avery Island  200 10.3 1.17E-06 
Hansen & Carter 
(1984) Avery Island  200 10.3 1.49E-06 
Hansen & Carter 
(1984) Avery Island  200 6.9 2.80E-07 
Hansen & Carter 
(1984) Avery Island  200 6.9 1.77E-07 
Hansen & Carter 
(1984) Avery Island  200 5.5 7.20E-08 
Hansen & Carter 
(1984) Avery Island  200 5.5 5.95E-08 
Hansen & Carter 
(1984) Avery Island  200 2.5 3.40E-09 
Senseny (1988) Avery Island  200 5 4.16E-08 
Senseny (1988) Avery Island  200 7.5 1.33E-07 
Senseny (1988) Avery Island  200 10.3 1.76E-06 
Ter Heege et al., 2005 
synthethic 
Coarse grained 
Halite 
202 11.1 2.40E-05 
Ter Heege et al., 2005 synthethic  203 7.5 2.40E-06 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche 
Coarse grained 
Halite 
200 3.3113112
148 
6.31E-10 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 3.9810717
055 
1.00E-09 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 3.9810717
055 3.98E-09 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
5.01 1.00E-08 
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Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
6.31 3.98E-08 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
7.08 1.00E-07 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
7.94 1.58E-07 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
8.51 3.16E-07 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
8.91 1.58E-06 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
10.00 1.00E-06 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
11.22 3.16E-06 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
12.59 3.98E-06 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
14.13 1.00E-05 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
15.85 1.58E-05 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
17.78 6.31E-05 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
20.89 3.16E-04 
Hunsche & Hampel 
(1999) 
Asse - 
Hunsche  
200 
25.12 1.00E-03 
DeVries(1988) Avery Island 
Coarse grained 
Halite 200 3.5 1.36E-08 
DeVries(1988) Avery Island  200 4.7 3.60E-08 
DeVries(1988) Avery Island  200 6.7 1.21E-07 
DeVries(1988) Avery Island  200 6.8 1.53E-07 
DeVries(1988) Avery Island  200 9.9 2.48E-06 
Weidinger et al.(1997) Asse-z2SP 
Coarse grained 
Halite 200 6.00 5.00E-07 
Weidinger et al.(1997) Asse-z2SP  200 7.00 1.00E-07 
Weidinger et al.(1997) Asse-z2SP  200 8.00 9.00E-06 
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Weidinger et al.(1997) Asse-z2SP  200 8.50 8.00E-06 
Weidinger et al.(1997) Asse-z2SP  200 10.00 1.00E-06 
Weidinger et al.(1997) Asse-z2SP  200 12.00 8.00E-05 
Weidinger et al.(1997) Asse-z2SP  200 14.00 4.00E-05 
Weidinger et al.(1997) Asse-z2SP  200 15.00 9.00E-04 
Weidinger et al.(1997) Asse-z2SP  200 17.00 8.00E-04 
Weidinger et al.(1997) Asse-z2SP  200 20.00 8.00E-03 
Heard (1972) New Mexico 
Coarse grained 
Halite 200 13.7 1.15E-05 
Heard (1972) New Mexico  200 9.0 1.16E-06 
Heard (1972) New Mexico  200 5.5 1.15E-07 
Heard (1972) New Mexico  200 5.6 1.15E-07 
Heard (1972) New Mexico  200 6.0 1.16E-07 
Heard (1972) New Mexico  200 5.8 1.15E-07 
Heard (1972) New Mexico  200 6.0 1.16E-07 
Heard (1972) New Mexico  200 5.8 1.15E-06 
Heard (1972) New Mexico  200 3.4 1.15E-08 
Heard (1972) New Mexico  200 3.3 1.16E-08 
Heard (1972) New Mexico  200 9.0 1.15E-06 
Heard (1972) New Mexico  200 5.9 1.15E-06 
Heard (1972) New Mexico  200 4.1 1.15E-07 
Wawersik&Hannum(1
980) New Mexico  200 3.7 1.46E-07 
Wawersik&Hannum(1
980) New Mexico  200 6.9 1.97E-07 
Schoenherr et al. 
(2007) South Oman 
Coarse grained 
Halite 50 10.0 1.04E-09 
Schoenherr et al. 
(2007) South Oman  50 15.0 7.91E-09 
Schoenherr et al. 
(2007) South Oman  50 20.0 3.33E-08 
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Table 7: Data of the wet halite at 20°C and 70°C (Fine grain size=0.1mm) 
Source 
Loca-
tion Note legend 
Tempe
rature 
(°C) 
diff. 
stress 
(MPa) 
strain 
rate 
(1/s) 
strain 
(%) 
Spiers et al. 
1986 
synth
ethic 
pore fluid 
pressure: 0.1 
MPa 
Fine grained wet 
halite 20 ºC 20 5.6 
2.10E-
07 1.7 
Spiers et al. 
1986 
synth
ethic 
pore fluid 
pressure:  0.1 
Fine grained wet 
halite 20 ºC 20 2.3 
1.10E-
07 0.75 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 0.1 
Fine grained wet 
halite 20 ºC 20 0.8 
5.50E-
08 0.8 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 0.1 
Fine grained wet 
halite 20 ºC 20 0.44 
3.40E-
08 0.35 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 0.1 
Fine grained wet 
halite 20 ºC 20 0.3 
2.10E-
08 0.18 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 0.1 
Fine grained wet 
halite 20 ºC 20 0.8 
5.50E-
08 1.7 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
MPa 
Fine grained wet 
halite 20 ºC 20 11.8 
1.60E-
07 1.6 
Spiers et al. 
1986 
synth
ethic 
  pore fluid 
pressure: 3 
Fine grained wet 
halite 20 ºC 20 7.5 
6.30E-
08 1.8 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
Fine grained wet 
halite 20 ºC 20 3.5 
2.60E-
08 0.4 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
Fine grained wet 
halite 20 ºC 20 2.1 
1.60E-
08 0.2 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
Coarse grained 
wet Halite 70 ºC 70 2 
3.00E-
08 0.3 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
Coarse grained 
wet Halite 70 ºC 70 7.4 
1.10E-
07 1.5 
Spiers et al. 
1986 
synth
ethic 
 pore fluid 
pressure: 3 
Coarse grained 
wet Halite 70 ºC 70 4.7 
5.60E-
08 0.9 
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4. Chapter 4: Numerical modeling of gravitational sinking of 
carbonate stringers in salt -Method Validation and Numerical 
Results 
 
4.1 Introduction 
 
A large number of salt bodies contain layers of carbonate material, often called 'stringers'. 
The movement and deformation of those embedded carbonate bodies is a process which is 
not fully understood yet. In particular, given the density contrast between the salt and the 
denser carbonates, the stringers tend to sink towards the bottom of the salt bodies at a 
velocity which is highly dependent on the mechanical properties of both the salt and the 
carbonates. One major issue contributing to the complexity of the problem are the 
rheological differences between the salt, the embedded carbonates and the sediments 
overlaying the salt body. On a geological timescale, the salt behaves as a Newtonian or a 
power-law fluid, the sediments and the carbonate stringers however exhibit elastic or, 
under some conditions, brittle behavior.  
 
We have chosen to employ Finite Element Modeling (FEM), using the FEM package 
ABAQUS (SIMULIA, Dassault Systems), for the numerical simulation of the sinking of 
carbonate stringers embedded in the salt. In order to confirm the validity of the chosen 
numerical approach we show the results of two sets of numerical simulations performed to 
compare the flow behavior of salt in our FE model to both theoretical and experimental 
results.  Additionally we show the results for the FEM simulation of the sinking of a 
carbonate stringer embedded in the salt, using two different geometrical setups.  
 
Inclusions of carbonate bodies are common in salt diapirs. The rise and fall of a dense 
layer in salt diapirs is modeled in numerical way by Chemia & Koyi (2008), Chemia et al. 
(2008), Chemia & Schmeling (2009). The influence of sinking blocks on salt diapirs is 
modeled by Koyi et al. (2001). The upward transport of inclusions in Newtonian and 
power-law salt diapirs is researched by Weinberg et al. (1993). The analogue model is set 
up to see the influence of sinking blocks on salt diapirs in Koyi et al. (2001). Some reports 
focus the in-situ stress model of the stringer in salt such as Van den Bogert et al. (1997), 
Van den Bogert et al. (1998), Eelman et al. (1997). In addition, some research about the 
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deformation of salt diapirs has been published: mechanics of active salt diapirism is 
introduced by Schultz-Ela et al. (1993), numerical model is set up for the initiation of salt 
diapirs with frictional overburdens by Podladchikov et al. (1993), Poliakov et al. (1993), 
the models of the salt flow by overburden are built in Koyi (1996), the shaping of the salt 
diapirs is researched in Koyi (1998), the salt minibasins are researched by Ings & 
Beaumont (2010), the effective viscosity of rocksalt is discussed by Van Keken (1993) , 
his research in connection with the program on radioactive waste management .  
 
In this chapter, we discuss the sinking of a stringer in salt blocks or domes and the 
influence by initial geometry and material conditions. For the validation of our numerical 
modeling approach we use three sets of simulations. In Chapter 3, we have compared the 
relation between strain rate and differential stress in a FEM simulation of the uniaxial 
compression of a cylindrical salt body with varying rheological parameters to the stress-
strain relations measured experimentally for such a setup by Urai and Spiers (2007). In  
Chapter 3, we have collected and discuss the rheology of rocksalt followed by a power law 
creep equation: 
                         ( ) ( )
.
0 1 3exp
n nQA A
RT
ε σ σ σ = ∆ = − − 
 
                                (1)                
where 
.
ε  is the strain rate, 1 3σ σ σ∆ = −   is the differential stress and A=A0 exp(-Q/RT) is the 
viscosity of the salt. Within the viscosity described above, A0 is a material dependent 
parameter, Q is the specific activation energy while R is the gas constant (R=8.314Jmol-1 
k-1) and T is the temperature. The other mechanism is solution-precipitation creep: 
                       ( )
.
1 3
0 exp m
QB B
RT TD
σ σ
ε σ
−  = ∆ = −  
  
                                  (2) 
 
and the strain rate is dependent on the strain size D, Δσ=σ1-σ3  is the differential stress and 
B=B0 exp(-Q/RT)[(σ1-σ3)/TDm ] is the viscosity of the salt. Within the viscosity described 
above, B0 is a material dependent parameter, Q is the specific activation energy while R is 
the gas constant (R=8.314mol-1 k-1) and T is the temperature. The order m influences strain 
rate dependent on the grain size. 
 
As a second validation test a simulation of the flow of a power law fluid between two flat 
plates has been performed. This includes both Newtonian (for n=1) and non-Newtonian 
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(for n>1) rheologies. The numerical solution for the flow velocity is compared to the 
analytical solution given by Turcotte & Schubert (1982).  As the third test, comparison of 
simulated power-law creep with theoretical result is done below. A sinking velocity 
formula called Stokes' law is used to evaluate the numerical results in the model. 
 
Two different, simplified geometries are considered for the simulation of the sinking of a 
stringer embedded in a salt body. In both cases we only consider a 2D problem. A 
rectangular carbonate stringer is embedded within a rectangular block of salt. We also 
define a linear temperature gradient in the salt body, resulting in a variation of the 
viscosity with depth. Through changing the initial geometry and material parameters, we 
investigate the dependence of the sinking velocity of the stringer on the initial conditions.   
 
4.2 Validation Tests 
 
As a second test (the first test is in Chapter 3) which is mainly aimed to ensure that our 
simulation methodology does correctly treat the heterogeneous deformation of non-
Newtonian viscous materials we modeled the 2D steady-state flow of a power-law fluid 
between two parallel plates. This is one of the few problems concerning the flow of a fluid 
with non-linear rheology where an exact analytical solution is known. The velocity profile 
within a non-Newtonian fluid flowing between two parallel plates can be determined 
analytically using the following equation (Turcotte & Schubert, 1982): 
                           
111 1( ) ( )( ) 1
1 2 2
nn
n
shear
P H hu h
L n Hη
++   ∆  = −   +      
                      (3)                                                  
where u(h) is the velocity at the distance h from the center of the model in a direction 
perpendicular to the flow in Figure 1, ηshear  is the shear viscosity (this can be calculated 
with shear model in which we give  normal viscosity η). H is the total model height, L is 
the length of the model in the direction of the flow and ΔP is the pressure difference 
between the upstream and the downstream side of the model. For our simulation we use 
H=2000m, L=6000m, ΔP=5MPa. 
 
Our numerical model consists of a 4km high and 8km wide salt block under plain strain 
conditions. We use the same elastic properties as above, i.e. density ρ =2040kg/m3, 
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Figure 4: Power law flow between two plates: 
Comparison between numerical and analytical 
solution for  η=1×1044 Pa·s, n=5. 
 
Young's modulus E=10 GPa and Poisson ratio ʋ=0.4. Three different values of viscosity 
and power law exponent are used A=1/η=1×10-22 Pa-1s-1, n=1 and A=1/η=1×10-44 Pa-5s-1, 
n=5. The results of the numerical simulations (Figure 2, 4) show a good agreement with 
the theoretical predictions. Figure 3 and Figure 5 exhibit the errors between numerical and 
analytical solutions when three different meshes are used. As is shown in Figure 3 and 
Figure 5, the error will decrease gradually when a finer mesh is used.  
  
  
Figure 1:  
Fluid flowing between two parallel 
plates, τ= shear resistance, u(h)= 
flow velocity at height h, P= fluid 
pressure, ΔP= pressure difference 
between upstream and downstream, 
L=length of the parallel plates. 
 
Figure 2: Power law flow between two plates: 
Comparison between numerical and analytical solution 
for  η=1×1022 Pa·s, n=1. 
 
 
Figure 3: Power law flow between two plates: Error 
between numerical and analytical solutions for 
η=1×1022 Pa·s, n=1 for three different mesh 
resolutions. 
 
    
Figure 5: Power law flow between two plates: Error 
between numerical and analytical solutions for 
η=1×1044 Pa·s, n=5 for three different mesh 
resolutions. 
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As the third test, comparison of simulated power-law creep with theoretical result is done 
below. A sinking velocity formula called Stokes law is used to evaluate the numerical 
results in the model. The velocity of a ball in a steady-state Newtonian fluid (n=1) can be 
expressed using the following equation (Lamb, 1994): 
                                               
( )22
9
p f
s
s
r g
v
ρ ρ
η
−
=                                                   (4) 
where vs is the steady-state sinking velocity,  r is the radius of the ball, g is the gravity 
acceleration, ρp  is the density of the ball and ρf is the density of salt and ηs is the shear 
viscosity of salt. For our simulation, we use r=150m, g=9.82m/s2, ρp = 2200kg/m3, ρf 
=2040kg/m3, the viscosity η=1019, 1020, 1021, 1022 Pa s. 
 
Figure 6: Geometry model for the ball sinking in the salt block 
Our numerical model consists of a 5km radius and 2.5km high salt block under axi-
symmetric conditions. A ball with 150m radius is located in the center. We use the elastic 
properties i.e. salt density ρ=2040kg/m3, Young's modulus E=10GPa and Poisson ratio 
ʋ=0.4. For the material property of the ball, density ρ=2200kg/m3, Young’s modulus 
E=40GPa and Poisson ration ʋ=0.4. Four different values of viscosity and power law 
exponent for salt property are used with η=1019, 1020, 1021, 1022. The results of the 
numerical simulations (Figure 7) show a good agreement with the theoretical predictions.  
 
r=150m 
2.5km 
5.0km 
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Step 1: A calculation is done with the gravity loading and the state is as the initial stress 
condition for next step. 
Step 2: Calculation of the sinking process. 
For η=1019 Pa·s, ηshear = 3.3×1018 Pa·s for 3D model and for the axi-symmetric model, the 
theoretical velocity value is: 
( ) ( )2 2 12
18
150 9.82 2200 20402 2 2.38 10 /
9 9 3.3 10
p f
s
s
r g
v m s
ρ ρ
η
−
− × × −
= = × = ×
×
                     (5) 
The unified velocity is expressed by v×η, and the unified time is expressed by t/ η. 
 
Figure 7:  Unified velocity vs. unified time and comparison between numerical and theoretical solution. 
From the results we can see the sinking velocity decreases and converge to a value which 
is close to the theoretical value. The salt material is elastic-viscous material, so that in the 
calculation two stages are included, one is elastic stage and the other is creep stage. 
Table 1:  Error between the theoretical and numerical solution 
 η=1018 η=1019 η=1020 η=1021 
Steady-state 
velocity (m/s) 
2.36e-11 2.36e-12 2.36e-13 2.36e-14 
Theoretical 
velocity (m/s) 
2.38e-11 2.38e-12 2.38e-13 2.38e-14 
Error 0.8% 0.8% 0.8% 0.8% 
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In the first stage, the static loading due to the gravity deviation between the ball and the 
salt acts on the salt, and a sudden change about the displacement, the stress and strain in 
the salt take place. In the second stage, the high Mises stress concentrates around the ball 
due to the elastic stage and the elastic energy aggregates around the ball. When the salt 
begins to creep, the initial velocity is high due to high stress and strain rate. During the 
sinking process, the creeping salt will disperse the energy and the high Mises stress. 
Because the salt follows the power law relation έ=A(Δσ)n, where Δσ is Mises stress which 
decreases during the process, the strain rate decreases and then converge to a constant 
value. That is the reason why the sinking velocity will decrease from a high value and 
converge to the theoretical value strongly related to the salt viscosity. 
4.3 Sinking of a carbonate stringer in a salt body (Small displacement 
of stringer) 
 
As the simplest model for the sinking of a carbonate stringer embedded in a salt body we 
have chosen a setup consisting of a single rectangular stringer inside a rectangular salt 
block (Figure 8). The geometry of the model is described by the width and height of the 
salt body, which are set to 8km and 4km separately in all of the following models and the 
thickness h of the stringer, the width w of the stringer and the initial depth position D of 
the stringer. The depth D is measured to the top of the stringer, the model consists of a salt 
block 8km wide and 4km high.  
 
For the case of Newtonian flow, we use rheology with A0 = 4.70×10-4MPa-1 n-1, 
Q=24530J/mol, m=3, n=1, D=10mm, R=8.314J/molk (Spiers et al., 1990). For the case of 
non-Newtonian flow, we use rheology with A0 = 1.82×10-9 MPa-5 s-1, Q=32400J/mol, n=5, 
R=8.314J/molk (Schoenherr et al., 2007).  A temperature of 50oC is used at the surface 
and 140oC at 4km depth (i.e. the lower limit of the model). 2D plane strain conditions are 
used. Using this model, we evaluate the dependence of the sinking velocity of central 
point in the stringer with variation on the following: (a) thickness and aspect ratio of the 
stringer, (b) the initial depth location of the stringer, (c) the density contrast between the 
stringer and the surrounding salt and (d) the viscosity of the salt 
 
4.3.1 Stringer thickness 
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First we investigate the influence of the variations in the thickness, and therefore mass, of 
the stringer. In this part, the width of the stringer w is constant and the height of the 
stringer h is various. 
 
   
                                              
 
 
The boundary conditions are zero displacement perpendicular to the boundary at the 
bottom and at the sides. A single stringer 1200m wide and between 140m and 240m thick 
is located in the salt (Figure 8). The material properties of the stringer are Young's 
modulus E=40GPa, Poisson ratio υ=0.3 and density ρ=2400kg/m3 (Sayers, 2008). This 
geostatic state is used as the initial stress condition for the next step.  
                         
Figure 9: Sinking velocity of the stringer vs. stringer thickness. The variation in stringer thickness (140, 160, 
180, 200, 220 and 240m) does result in aspect ratios of 8.6, 7.5, 6.7, 6.0, 5.4 and 5.0 respectively due to the 
constant length of the stringer (1200m). The salt rheology is a) Newtonian (n=1) b) non-Newtonian (n=5). 
  Salt (dislocation creep) 
  Carbonate rock (elastic) 
(a) (b) 
Figure 8:  Sinking of a stringer embedded in a rectangular salt block 
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Figure 9 illustrates the relation between the sinking velocity and the thickness of the 
stringer, separately for n=1 and n=5. The stringer thickness h is 140m, 160m, 180m, 
200m, 220m and 240m, therefore the aspect ratio is 8.6, 7.5, 6.7, 6.0, 5.4 and 5.0 
respectively. The variation of the size, and thereby the mass, of the stringer influences the 
differential stress Δσ linearly, and the velocity of the stringer are determined by the strain 
rate dependent on the thickness of the stringer in the salt which is linearly dependent on 
the differential stress when n=1 and has 5th order relation when n=5. The variation of size 
influences the differential stress Δσ of the salt linearly, and due to the relation described in 
Equation (1) and (2), the strain rate dependence on the stringer thickness is linear when 
n=1 and 5th order when n=5. The displacement and velocity of stringer have the same 
trend as the strain rate. Moreover, from the result we can know that the stringer with the 
same size in both n=1 and n=5 rheological salt has similar differential stress Δσ  
distribution around it because of the same mass, and the peak differential stress around the 
stringer changes from 100-150kPa with various stringer size. 
 
In addition, we also investigate the influence of various width and height (but the cross 
section area is constant) on the sinking velocity. The Newtonian law is used to describe 
the property of salt in these models. The stringer with constant cross section area has 
different sinking velocities. A series of groups including different width and height have 
been investigated. From Table 2 we can see the sinking velocity increases with the 
decreasing width, however, the tendency is valid in a range of width. When the stringer 
has 160m width and 1200m height, the velocity is smaller than the one of the stringer with 
300m width and 640m height.  
 
Table 2: The sinking velocity of the stringer with constant cross section (n=1) 
 Width(m) Height(m) Cross section 
area (m2) 
Velocity (m/Ma) 
Group 1 2400 80 192000 1070 
Group 2 1200 160 192000 2050 
Group 3 600 320 192000 2820 
Group 4 300 640 192000 3620 
Group 5 160 1200 192000 3280 
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4.3.2 The initial depth location of the stringer 
 
As a second parameter influencing the sinking velocity of the stringer we consider the 
initial depth location of the stringer. In this part, the width and height of the stringer is 
constant. The boundary conditions are fixed perpendicular to the boundary at the bottom 
and at the sides. A single stringer 1200m wide and 160m thick is located in the salt. The 
material properties of the stringer are Young's modulus E=40GPa, Poisson ratio υ=0.3 and 
density ρ=2400kg/m3. 
  
Figure 10: Sinking velocity of stringer vs. initial depth. The initial depth is 1250, 1500, 1750, 2000 and 
2250m. The salt rheology is a) Newtonian rheology (n=1) b) non-Newtonian (n=5) 
 
In this part, different initial depths of stringer are given, 1250, 1500, 1750, 2000, 2250m. 
As described in Equation (1) and (2), the viscosity of the salt is dependent on the 
temperature T, which itself varies with depth. Therefore the temperature in the salt 
surrounding the stringer is 78oC, 84 oC, 89oC, 95 oC and 100 oC for the five different initial 
depths respectively. 
 
Figure 10 shows the sinking velocity depending on different initial depths of the stringer 
and the resulting different viscosities of the salt due to the temperature change with depth. 
The variation of the initial depth at which the stringer is located does influence the sinking 
behavior of the stringer due to the depth dependence of the temperature. Because the 
temperature only influences the term A in the power law equation describing the rheology 
of the salt (eq.1) and the term B in the Newtonian flow (eq. 2), it is expected that the 
functional dependence of the sinking velocity on the temperature, and therefore the initial 
depth location, is independent of the value of the exponent n in Equation 1 and 2. 
(a) (b) 
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4.3.3 Density contrast 
 
The third parameter influencing the sinking velocity we discuss is the density contrast 
between the salt and the stringer. A single stringer 1200m wide and 160m thick is located 
in the salt. The material properties of the stringer are Young's modulus E=40GPa, Poisson 
ratio υ=0.3 and density ρ=2400kg/m3. The salt density is 2040kg/m3, and the stringer 
density is 2200, 2300, 2400, 2500, 2600, 2700 and 2800kg/m3. The initial location of the 
stringer is in the center of the salt block. 
 
 
 
 
Figure 11: Sinking velocity of the stringer vs. stringer density. The variation of stringer density is 2200, 2300, 
2400, 2500, 2600, 2700 and 2800kg/m3. The salt rheology is a) Newtonian (n=1) b) non-Newtonian (n=5) 
 
The results of the simulations confirm the expectations. The numerical solution shows that 
for Newtonian fluid flow (n=1), the sinking velocity of the stringer in the salt follows a 
linear relation depending on the density contrast (Figure 11a). For non-Newtonian fluid 
flow (n=5), the sinking velocity of the stringer follow a nonlinear relation with 5th power 
order (Figure 11b). The variation of the density influences the differential stress Δσ in the 
salt linearly. We expect the strain rate to vary the density contrast according to the value of 
the exponent n due to the relation έ=A(Δσ)n and έ=B(Δσ). 
 
4.3.4 Salt viscosity 
 
The fourth factor for which we survey the influence on the sinking velocity is the viscosity 
of the salt. The viscosity of the salt at the same location is adjusted as a variable in order to 
see how the influence on the displacement and velocity of stringer is. The parameters as 
(a) (b) 
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follows: the stringer is 1200m wide and 160m thick. The material properties of the stringer 
are Young's modulus E=10GPa, Poisson ratio υ=0.3 and density ρ=2400kg/m3. The salt 
density is ρ=2040kg/m3. The initial location is in the center of the salt block. Here we give 
four values for the salt viscosity parameter term values at the top of the salt block, 
resulting from four different temperature values, i.e. T=85oC, 95oC, 105oC, 115oC and 
125oC. For n=1, B=3.461×10-19, 4.21×10-19, 5.069×10-19, and 6.038×10-19 Pa-1 s-1, for n=5,  
A=3.39×10-44, 4.558×10-44, 6.032×10-44, and 7.87×10-44 Pa-5 s-1.  
 
 
 
 
Figure 12: Sinking velocity of stringer vs. salt viscosity at the initial location of the stringer 3.461×10-19, 
4.21×10-19, 5.069×10-19and 6.038×10-19 Pa-1 s-1. The salt rheology is a) Newtonian (n=1) . Sinking velocity of 
stringer vs. salt viscosity at the initial location of the stringer 3.39×10-44, 4.558×10-44, 6.032×10-44, and 
7.87×10-44 Pa-5 s-1 . The salt rheology is b) non-Newtonian (n=5) 
 
The sinking velocity of the stringer is directly related to the strain rate of the salt. The 
displacement and the sinking velocity vary exponentially with the temperature T in 
Equation 1 and 2, both for the Newtonian (n=1) and the non-Newtonian (n=5) rheology 
(Figure 12). 
 
4.4 Sinking of a carbonate stringer in a salt body (Large displacement 
of stringer) 
 
If the sinking of a stringer takes place at low viscosity of the surrounding salt or over long 
time scales, large displacements can result. However, since in our model the mesh needs to 
deform to follow the moving material boundaries, this would lead to mesh distortions 
which will eventually become too large. To solve this problem we use a remeshing 
approach. After the stringer has sunk by given amount, a new mesh is built according to 
(a) (b) 
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the new locations of the material boundaries and the field variables are mapped from the 
old to the new mesh. Then the calculation is continued using the new mesh until another 
remeshing step is needed. 
 
As the first model we again investigate the sinking of a stringer embedded in a rectangular 
salt block. The model consists of a salt block with 8km wide and 4km high. For the case of 
non-Newtonian flow, we use rheology with B0 = 4.70×10-4 MPa-1 n-1, Q=24530J/mol, 
m=3, n=1, D=10mm, R=8.314J/molk. For the case of non-Newtonian flow, we use 
rheology with A0 = 1.82×10-9 MPa-5 s-1, Q=32400J/mol, n=5, R=8.314J/molk. 
 
We choose the parameters in order to obtain a suitable large displacement of about 1000m 
in both Newtonian and non-Newtonian fluid flow. A temperature of 50oC is used at the 
surface and 140oC at 4km depth (i.e. the lower limit of the model). 2D plane strain 
conditions are used. Here we evaluate the sinking velocity of the stringer with variation of 
the following parameters: 
 
4.4.1 Stringer thickness 
 
First we investigate the influence of the variations in the thickness, and therefore mass, of 
the stringer. 
 
 
Figure 13: Sinking period of the stringer vs. stringer thickness. The variation in stringer thickness (140, 160, 
180, 200, 220 and 240m) does result in aspect ratios of 8.6, 7.5, 6.7, 6.0 and 5.4 respectively due to the 
constant length of the stringer (1200m). The salt rheology is a) Newtonian (n=1) b) non-Newtonian rheology 
(n=5) 
 
(a) (b) 
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The boundary conditions are fixed perpendicular to the boundary at the bottom and at the 
sides. A single stringer 1200m wide and between 80m and 200m thick is located in the 
salt. The material properties of the stringer are Young's modulus E=40GPa, Poisson ratio 
υ=0.3 and density ρ=2400kg/m3.  Initial condition for the salt body with geostatic stress is 
given. Unlike in the small displacement models, the simulated time was kept a constant, 
here the final displacement is kept a constant and the simulated time adjusted accordingly. 
In each calculation with initial condition, the displacement is 1000m. 
Then we change the initial conditions in order to see how the sinking time period is 
influenced. The relation between time period and sinking velocity is that the time period is 
inversely-proportional to the stain rate and velocity of the stringer. According to the power 
law έ=A(Δσ)n, the time period t is proportional to 1/(Δσ)n. The variation of the size, and 
thereby the mass, of the stringer influences the differential stress Δσ linearly. Therefore, 
the time period follows the relation 1/(Δσ)n ,when the power order n=1, the time period is 
inversely proportional to a linear variable. When the power order n=5, the time period is 
inversely proportional to a 5th power order variable (Figure 13). 
 
Here the remeshing technique in Abaqus Standard is used so that the big distortion of the 
elements is avoided. Figure 14 shows the contour of the vertical displacement of stringer 
at the first step, and the contour of the vertical displacement of stringer at the second 
meshing step (Remeshing step).  
 
  
Figure 14:  The contour of vertical displacement  (the stringer is 200m thick and 1200m wide , B0 = 4.70×10-
4 MPa-1 n-1 , Q=32400J/mole, n=1,  a) meshing step 1)  b) meshing step 2 
 
 
(a) (b) 
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4.4.2 Initial depth location of the stringer 
 
Then we investigate the influence of the initial depth location of the stringer.  In this case, 
the single stringer is 1200m wide and 160m thick in the salt. The material properties of the 
stringer are Young's modulus E=40GPa, Poisson ratio υ=0.3 and density ρ=2400kg/m3. In 
this part, different initial depths of stringer are given, 1250,1500,1750,2000 and 2250m. 
 
We still keep the sinking displacement as a reference parameter. In each time, the stringer 
sinks about 1000m and then the sinking period is calculated in order to see how it is 
influenced by the initial depth of the stringer.  Figures 15a and 15b show the sinking 
velocity depending on different initial depths of the stringer and the resulting different 
viscosities of the salt due to the temperature change with depth. The time period is 
inversely proportional to the stain rate and velocity of the stringer. 
 
  
Figure 15: Sinking period of the stringer vs. initial depth. The initial depth is 1250, 1500, 1750, 2000 and 
2250m. The salt rheology is a) Newtonian rheology (n=1) b) non-Newtonian rheology (n=5) 
 
For both Newtonian and non-Newtonian fluid, the sinking period shows an inversely 
exponential dependence on the temperature which means the sinking velocity of stringers 
in the salt are exponentially dependent on the initial depth. That is because only the 
temperature is effected in the governing eq.1 and eq.2 when the initial depth of the stringer 
is changed.   
 
4.5 Stress investigation in sinking stringers in salt body 
 
(a) (b) 
Chapter 4 
 
103 
 
These stringers have stresses inside them due to the bending deformation caused by 
gravitational loading and viscous drag due to the salt flow around the stringer. Detailed 
knowledge of the internal stresses in the stringers could have significant implications for 
example, for structural interpretation and the assessment of drilling risks. An important 
question which remains to be investigated is how those stresses depend on the depth 
location of the stringer in salt body.  
 
In this work, we set up a numerical model using the Finite Element Modeling (FEM) 
package ABAQUS to simulate a stringer sinking in a block of salt. The model consists of 
a stringer passively sinking inside a large (6km high and 10km wide) salt body due to 
density contrast between salt and carbonate. Using this model, the stresses inside the 
stringer are observed for different depth location of the stringer.  
 
Two models are calculated: one is the stringer in deep position (power-law rheology, 
density =2400kg/m3, thickness=160m, width=2000m, initial depth=3000m), the other one 
is the stringer in shallow position (power-law rheology, density =2400kg/m3, 
thickness=160m, width=1200m, initial depth=2000m). 
 
 
Figure 16:  A stringer embedded in a rectangular salt block 
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Results show that the distribution of horizontal stresses in the sinking stringer is strongly 
dependent on its depth location. If the stringer is in a deep position (near the bottom of the 
salt body), the horizontal stress near the top of the central part of the stringer is less 
compressive than the vertical stress and the reversed situation occurs near the bottom of 
the central part (Figure 17a). However, in the shallow position (near the middle part of the 
salt body), the horizontal stress near the bottom of the central part of the stringer is less 
compressive than the vertical stress and the reversed situation occurs near the top of the 
central part (Figure 17b). Figure 18 shows maximum and minimum principle stress in the 
central part of stringer sinking in shallow position. The difference between horizontal and 
vertical stress also lead to the change in principle stress orientations between top and 
bottom parts of a stringer. 
 
                                   a)                                 b) 
 
 
 
 
Figure 18: The principle stress in the central part of the sinking stringer in shallow position 
 
Using the numerical models the difference between vertical and horizontal stress in the 
stringer is calculated quantitatively and the depth location where the horizontal and 
vertical stress generally are equal inside the stringer can be determined.  
 
σv-σh< 0 on top of stringer 
σv-σh> 0 at bottom of stringer 
     
 
Smin 
Smax 
 
σv-σh> 0 on top of stringer 
σv-σh< 0 at bottom of stringer 
      
Figure 17: Differential stress between vertical and horizontal stress in the sinking stringer in different 
position in salt body  a) Deep position  (n=5) b) Shallow position (n=5) 
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Apart from the internal stress in the stringer, we investigate the influence of the distance to 
the bottom on the sinking velocity of the stringer. Figure 19 shows the relation between 
sinking velocity and the distance to the bottom. We can see that the sinking velocity 
begins to fluctuate around 0m/Ma when the distance to the bottom is smaller than 100m. 
The sinking velocity increases gradually when the distance to the bottom changes from 
200m to 2500m. The value of sinking velocity converges to 0.9m/Ma when the distance 
varies between 2500m and 3000m.  
 
 
 
In conclusion, the sinking velocity of stringer is dependent on the distance to the bottom 
when it sinks into the range close to the bottom. The sinking velocity decreases from a 
stable value to 0m/Ma due to the constraint of the bottom boundary.  
 
4.6 Discussion 
 
The initial validation tests have shown that the chosen numerical approach is suitable for 
the simulation of the deformation of salt and the resulting movement of embedded 
carbonate bodies. In the tests, analytical solutions have been matched closely. In Chapter 3 
the first test is for the compressive loading on the salt sample, we use the same parameter 
from the experiment and get the differential stress for different strain rates. The result 
Figure 19:  Sinking velocity vs vertical distance to the bottom 
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shows that the numerical solution is close to the experimental solution. The second test is 
to calculate the velocity of the flow and the numerical solution matches the analytical 
solution very well. The third test is to compare the sinking velocity of the ball with the 
Newtonian fluid solution. 
 
Further simulations have been used to evaluate the influence of model geometry and 
material parameters on the movement of a carbonate stringer embedded in salt. It has been 
shown that the sinking velocity of the stringer varies linearly with the parameter 
A=A0exp(-Q/RT) and B=B0exp(-Q/RT)(1/TDm). This is expected from the flow law 
έ=A(Δσ)n and έ=B(Δσ). The initial depth of the stringer and the salt rheology distribution 
in salt body directly influence the parameter A and B because of the temperature gradient 
based on the depth.  
 
However, a change in the differential stress Δσ, caused by changing the size of the stringer 
or the density contrast between the stringer and the salt, does result in either a linear 
change in the sinking velocity in the case of a Newtonian rheology (n=1) or in a nonlinear 
change in case of a power law rheology (n>1). In this case, the non-linear change of the 
sinking velocity follows a power law with the same exponent n. The density of the stringer 
and the geometry change of the stringer relate to the gravity of the stringer, and it effects 
the differential stress Δσ.  
 
Additionally, the situation is taken into account that the stringer has a large displacement 
in the salt body. The use of the remeshing technique enables the situation of models with 
large displacements. In this part, we choose displacement as a reference variable and to 
see the sinking time period. For large displacement, the temperature gradient will 
influence the term A and B which is not only dependent on the initial position of the 
stringer. We keep a fixed displacement value for each time, and the influence of the 
temperature gradient has the same effect on each calculation. The sinking time period is 
inversely proportional to the sinking velocity and displacement. In this way, we still 
evaluate the relation between the sinking velocity of the stringer and the initial conditions 
including the geometry, the density contrast, the salt rheology and the depth of the 
stringer.  
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From the calculation we can see that the velocity of sinking stringer  is larger than 
1000m/Ma which means the stringer will get close to the bottom of  the salt body in a time 
frame of a few 10Ma  if the salt  follows Newtonian rheology and the viscosity B is 10-20 
Pa·s . However, it is known from seismic data (in Strozyk et al., 2012 and Van Gent et al., 
2011) showing the location of anhydrite stringers in Zechstein salt that some stringers are 
still located close to top or in the upper part of the salt body after longer time >100Ma. 
This discrepancy suggests that the long term rheological behavior of the salt is, at least in 
some cases, quite different to what we expected from the laboratory derived rheological 
parameters. We therefore hope that future extensions to the numerical simulation studies 
presented here can be used to obtain additional constraints on the long term theology of 
salt. Through investigating the stringer sinking in salt body, we can inverse the geological 
process and evaluate the long-term salt rheology.  
 
When the salt follows power-law rheology, the sinking velocities are rather low and the 
average velocity changes around 0.02-350mm/Ma (<100m/300Ma). The explanation for 
this situation is that due to the gravitational sinking stringer in long-term rheological salt, 
the peak differential stress around the stringer is 100-150kPa which leads to rather low 
strain rate around 10-20-10-19s-1. It is clear that stringers do not significantly sink over 
geologic times.  
 
 
4.7 Conclusion 
 
The initial validation tests have shown that the chosen numerical approach is suitable for 
the simulation of the deformation of salt and the resulting movement of embedded 
carbonate bodies. Further simulations have been used to evaluate the influence of model 
geometry and material parameters on the movement of a carbonate stringer embedded in 
salt. It has been shown that the sinking velocity of the stringer linearly changes with the 
parameter A and B. Meanwhile it follows a nonlinear change in case of a power law 
rheology (n>1) and follows a linear change in case of Newtonian rheology when 
differential stress Δσ varies. In this case, the non-linear change of the sinking velocity 
follows a power law with the same exponent n. Moreover, the use of the remeshing 
technique enables the situation of models with large displacements. The sinking stringer 
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with large displacement also follows the conclusion when initial condition effects the salt 
rheology and differential stress. 
 
Two main factors influencing sinking velocities at a given rheology are stringer thickness 
and density contrast. In contrast to the Newtonian rheology leading to large sinking speed 
(100m/Ma), the power-law rheology results in stringers not significant sinking over 
geologic times which is consistent with observed seismic data. Last but not least, the 
internal stress change is caused by the deformation of sinking stringer which is strongly 
dependent on its position in salt body. 
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5. Chapter 5: Numerical modeling of gravitational sinking of 
anhydrite inclusions (stringers) in salt* 
 
In Chapter 4, we provided the numerical modeling of gravitational sinking of carbonate 
stringer in salt body and investigated geometrical and material properties influencing on 
sinking velocity. Meanwhile, we conclude that the numerical simulation studies can be 
used to obtain additional constraints on the long term theology of salt. Through 
investigating the stringer sinking in salt body, we can inverse the geological process and 
evaluate the long-term salt rheology.  
 
In Chapter 5, we establish the numerical modeling of gravitational sinking of anhydrite 
inclusions (stringers) in salt and evaluate the rheology of Zechstein salt (a case study done 
through seismic interpretation by Van Gent et al. (2011) and Strozyk et al. (2012)). We 
propose a new method to measure rheology in nature by inverting the gravitational sinking 
of anhydrite inclusions ('stringers') embedded in Zechstein salt which has been tectonically 
largely inactive during the Tertiary. Geomechanical modeling of isolated stringers in salt 
is compared with observations of stringers in seismic data. We conclude the modeling of 
blocky anhydrite stringer sinking is an important way to obtain the long term rheology of 
the halite and that the rheology of Zechstein salt during the Tertiary was dominated by 
dislocation creep. 
 
5.1 Studies on salt rheology 
 
In recent years, the deformation mechanisms and rheology of rock salt have been 
investigated in a large number of studies; in laboratory experiments, microstructural 
investigations and analysis of displacement in actively deforming salt (Carter & Hansen, 
1983; Heard & Ryerson, 1986; Urai et al., 1986; Wawersik & Zeuch, 1986; Aubertin, 
1989; Senseny et al., 1992; Carter et al., 1993; Peach & Spiers, 1996; Weidinger et al., 
1997; Cristescu & Hunsche, 1998; Spiers & Carter, 1998; Hunsche & Hampel, 1999; 
Martin, 1999; Ter Heege et al., 2005a,b; Urai & Spiers, 2007; Urai et al., 2008). During 
dynamic recrystallisation at geological strain rate salt is in the transition regime where 
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both dislocation creep and solution-precipitation creep operate. If the dislocation creep and 
pressure solution act in parallel, the steady-state flow of a rocksalt can be expressed as the 
summation of the strain rate from dislocation creep processes and the strain rate from 
pressure solution. In power law creep, the strain rate is related to the flow stress using the 
equation:  
( ) ( )nn
RT
QAA 310
.
exp σσσε −




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 where έ is strain rate, Δσ=σ1-σ3 is the differential stress and A0 is a material dependent 
parameter, Q is the activation energy while R is the gas constant (R=8.314Jmol-1 k-1) and T 
is the temperature. If the deformation mechanism is solution-precipitation creep, the strain 
rate can be described by: 
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Here the strain rate is dependent on grain size D and Δσ=σ1-σ3 is the differential stress. B= 
B0exp(-Q/RT)[(σ1-σ3)/TDm ] is the viscosity of the halite. B0 is a material dependent 
parameter, Q is the specific activation energy. The parameter m describes strain rate 
dependence on the grain size. 
 
Figure 1 summarizes low temperature laboratory data for a wide range of halite based on 
experiments by Sandia, BGR, Utrecht University and other laboratories. The broken line 
represents an extrapolation of the dislocation creep with n = 5 (30-50°C). The solid lines 
are room temperature solution-precipitation creep laws for different grain sizes. During 
active salt tectonics (differential stress in the order of a few MPa as shown by subgrain 
size piezometry) the two rheologies have similar strain rates and both are interpreted to be 
important in coarse grained diapiric salt. However, direct measurements of rheology at 
these low rates are not possible and the rheology of rocksalt during long-term deformation 
in nature is controversial. 
 
A large number of numerical studies about the deformation of salt structures has been 
published (Schultz-Ela et al., 1993; Poliakov et al., 1993; van Keken et al., 1993; Koyi, 
1996; Koyi, 1998; Ings & Beaumont, 2010; Li et al., 2012a). Evaporites that contain thick 
layers of carbonate and anhydrite (“stringers”) were studied by (Van den Bogert et al., 
1998; Roborto et al., 2000; Chemia et al., 2008; Chemia & Koyi, 2008; Chemia & 
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Schmeling, 2009). One key process in these studies is that due to the density contrast 
between the halite and the denser anhydrite, the stringers tend to move downwards in the 
salt at velocities highly depending on the mechanical properties of the halite and the 
geometries of the embedded stringers. In contrast to the Newtonian or power-law fluid 
behavior of the halite, the stringers can exhibit elastic to brittle behavior or fold and flow 
at much higher viscosity than the surrounding salt. 
 
5.2 Methods and models 
 
5.2.1 Introduction of the numerical experiments 
 
In this study numerical experiments were designed, which are sensitive to salt rheology 
and produce results which can be compared with observations in nature. The concept is 
based on seismic observations from the Zechstein. Van Gent et al. (2011) and Strozyk et 
al. (2012) have shown that many of the 30-to-80-m-thick Zechstein 3 intra-salt stringers 
broke up during salt tectonics and are still embedded in the middle to upper salt section as 
separate fragments of 100 m- to 1000 m-scale (see Figure. 2).  
 
Figure 1). Differential stress-strain rate diagram for rock salt (modified after Schléder & Urai (2005)) 
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Based on these observations, in our study we use Finite Element Modeling (FEM), 
including re-meshing techniques similar to those applied by Li et al. (2012a). The models 
calculate sinking velocities and -trajectories of a variety of fragment geometries in the two 
different salt rheologies after salt tectonics stopped. We compare the model results to 
observations in the seismic data to investigate the controversially discussed salt rheology. 
 
5.2.2 Inversion of gravitational sinking of stringer fragments in salt 
 
In a first step, deformation of the salt section was applied by a vertical displacement of the 
top salt boundary, simulating the down- building of overburden sediments into the salt and 
formation of a salt pillow (e.g., Figure 3A-B; cf. Li et al. (2012a) for details of the 
modeling technique). After the pillow was formed (beginning of Paleogene) we applied 
gravitational loading on the salt section and the stringer fragments to investigate their 
sinking velocities and trajectories. 
 
 
 
 
For different geometries and configurations of stringers, we run two models differing in 
the salt deformation mechanism, one with pressure solution creep (n=1) and one with 
dislocation creep (n=5; Table 1). We then compare the velocities and the stress history 
around the fragments. The rheological and mechanical properties of both the salt layer and 
the stringer fragments used for all models are presented in Table 1.  
 
Figure 1. 3D seismic data (left) and 2D seismic profile (right) with interpreted, physically isolated Zechstein 3 
stringer fragments embedded in the deformed salt section, northern Netherlands (by courtesy of NAM). 
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Table 1) Material parameters for anhydrite and rocksalt (following the two different deformation mechanisms at 50° C 
(i.e. lower limit of the model)) 
 Salt A: pressure solution 
creep (Newtonian flow) 
Salt B: dislocation creep 
(non-Newtonian flow) 
Anhydrite blocks 
 
A0   4.70×10-4 MPa-1 s-1 7.26×10-6 MPa-5 s-1 - 
Q [J/mol] 24530 53920 - 
R [J/molK] 8.314  8.314  - 
m, n 3/1 0/ 5 - 
ρ/density  [kg/m3] 2200  2200 2900  
E/Youngs Modulus 
[GPa] 
10 10 40 
ν/ Poisson's ratio 0.4 0.4 0.3 
Reference Spiers et al., 1990 Wawersik & Zeuch, 1986 Sayers, 2008 
 
5.2.3 Modeling of stringer sinking in Zechstein salt after the end of salt 
tectonics 
 
We used up a simplified model of the Zechstein salt section with elongated, already 
broken, and physically isolated stringer fragments of 100 m, 500 m and 1000 m width and 
30m, 50m and 80 m thickness (i.e., 9 stringer fragments) embedded in a rectangular salt 
body of 1 km thickness (based on observations by e.g., van Gent et al. (2011)) and 18 km 
length (e.g., Figure 3A). For the present purpose it is not necessary to model the breakup 
of stringers (cf. Li et al. (2012a)). The model is 2D plain strain. The boundary conditions 
are zero displacement perpendicular to the boundary at the bottom and at the sides. After 4 
Ma of active salt deformation (e.g., Figure 3B), the top salt surface is fixed in x and y 
direction (e.g., Figure 3C). This post-tectonic setup is simulated about a time span of 60 
Ma to simulate the Zechstein salt at rest in the Tertiary. Table 2 summarizes the geometric 
parameters used for the stringer fragments, the salt section and the time duration of 
experimental phases. 
 
Table 2) Geometrical and temporal model setup 
Width of salt body 18 km 
Height of salt body  1 km 
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Stringer fragment thicknesses 30, 50, 80 m 
Stringer fragment widths 100, 500, 1000 m 
Amplitude down-building 300 m 
Duration salt tectonics 4 Ma 
Duration salt at rest 60 Ma 
 
5.3 Results 
 
Figure 3A shows the initial model setup with the stringer fragments No. 1-9 in the 
homogeneous salt body. The simulated tectonic deformation of the salt by vertical top salt 
displacement from 64 Ma to 60 Ma ago (Figs. 3B, 4B) causes a rotation of some of the 
elongated stringer fragments for the Newtonian salt (Model A; Figure 3B-C), while those 
in the salt with n=5 (Model B; Figure 4B-C) remain more or less in place.  
 
 
 
 
Figure 2),4). Results of Model A using salt rheologies of n=1 and Model B (right) using salt rheologies of n=5. Model 
width is 18 km and initial model thickness 1 km. A: initial model setup before salt tectonics without differential 
stresses; B: Model A during salt tectonics (-62 Ma); C-G: Model A after salt tectonics (-60, -45, -30, -15 Ma and today).  
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The degree of rotation in Model A further increases with the width and thickness of the 
fragments as well as towards the central part of the model, where salt rises into the rising 
salt pillow. While there are no effective stresses in the initial configuration of the salt 
section, they increase during start of salt tectonics up to ~0.1 MPa for Model A (Figure 
3B) and 1.5 MPa for Model B (Figure 4B-G). Furthermore, we detect strong increases and 
changes of differential stresses within the stringer fragments (up to 15 MPa in model A 
(Figure 3C) and first 30 MPa (Figure 4C), then up to 5 MPa in model B (Figure 4E-G)), 
highly depending on the geometry and location of the fragments in the salt body (for a 
more detailed study of this, see Li et al. (2012a)).  
 
 
Figure 5). Close up of stringer fragments No.1 after salt relaxation (-50 Ma). 
 
When salt tectonics stop (-60 Ma), we observe an approximately 10 Ma period of high 
stress relaxation in the salt around the stringer fragments from 1 MPa down to 0.3 MPa as 
well as a second, smoother phase of relaxation down to 0.2 MPa from -59 Ma to -50 Ma 
(Figure 5). Then the stress relaxation goes very slowly from -50Ma to now. We also show 
the prediction of the stress relaxation process in the next 1000Ma (Fig. 6a), and the high 
stress around stringer decreases to 0.1MPa which is almost the same as the stress around 
stringer in the model without salt tectonics (only gravitational loading) (Fig. 6b). This 
means the stress relaxation after -50Ma is with stable conditions afterwards and the 
influence of salt tectonics can be almost neglected in the next 1000Ma.  
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Figure 6a). Close up of stringer fragments No.1 after 
salt relaxation (1000 Ma).This model is calculated 
with salt tectonics at -60Ma and after that tectonics 
stops and only gravitational loading is applied.  
Figure 6b). Close up of stringer fragments No.1 after 
salt relaxation (1000 Ma). This model is calculated 
without salt tectonics at -60Ma. Only gravitational 
loading is applied. 
After salt tectonics and first relaxation has stopped at -59 Ma (Figure 3C), the stringer 
fragments in model A start to sink at velocities of 15 m to 100 m per Ma (Table 3), 
depending on the fragment geometry, and reach the base of the salt section at -30 to -15 
Ma (Figure 3C-G). In contrast, the stringer fragments in model B only show sinking 
velocities of <1 m/Ma (Table 3). Therefore the total displacements are only 16-54 m 
during the entire 60 Ma (Figure 4C-G). 
Table 3) Results of average sinking velocity, sinking displacement during and differential stress of the 
stringer fragments 1-9 in Model A with the rheology n=1 (Pressure solution creep) and Model B with the 
rheology n=5 (Dislocation creep). 
  Model 
A 
(n=1)  
 Model 
B 
(n=5) 
  
Stringer 
fragment 
No. (see 
Figure 3A) 
Fragment 
width/ thickness 
[m] 
Averag
e sinking 
velocity  
[m/M] 
Sinking 
displacement in 
10 Ma (m) 
Averag
e sinking 
velocity 
[m/M] 
Sinking 
displacement in 
60 Ma [m] 
max. 
Differential stress 
around stringer in 
salt [kPa] 
1 100/30 15.0 150 0.27 16.2 110.0 
2 100/50 35.7 357 0.60 36.0 135.0 
3 1000/30 28.4 284 0.45 27.0 131.0 
4 500/80 99.8 998 0.84 50.4 147.0 
5 1000/80 101.7 1017 0.90 54.0 154.0 
6 500/50 41.5 415 0.67 40.2 135.0 
7 1000/50 49.8 498 0.72 43.2 146.0 
8 500/30 22.8 228 0.44 26.4 130.0 
9 100/80 40.5 405 0.63 37.8 132.0 
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From our series of models, incorporating different stringer fragment geometries and the 
two different salt rheologies, we can show that sinking velocities of stringer fragments 
vary linear with the differential stress Δσ if the Newtonian flow law is chosen, and vary 
nonlinearly if power law creep is used, as expected from the flow laws (i.e. Eq. (1) and 
(2)). A change in the differential stress Δσ by varying the geometry of the stringer 
fragments results in either a linear change in the sinking velocity in the case of a 
Newtonian rheology (n=1), or in a nonlinear change in case of a power law rheology 
(n>1). For the case of a rectangular stringer fragment embedded in salt at rest (low 
effective stresses, after relaxation) that follows the Newtonian law with a salt viscosity 
around 1019 Pa s, all stringer fragments would get close to the base of the salt section 
within a time span of a few Ma. In contrast, stringer fragments in a salt that follows the 
power-law and n = 5 do almost not sink (i.e., tens of meters at maximum) in entire 
Tertiary after stress relaxation. 
 
Comparing the model results to observations from modern seismic data of the northern 
Dutch Zechstein (Figure 2), where most stringer fragments are still located in the upper 
half of the salt since the Tertiary, this suggests that the long-term rheological behavior of 
the salt is, at least in these cases, described by the power-law and n=5. 
 
5.4 Conclusion 
 
In our study we have shown that the sinking velocity of an anhydrite block in salt at rest 
after relaxation of stresses from tectonic movement is very sensitive to the rheology of the 
surrounding salt. Dislocation creep and associated power law rheology lead to minor 
sinking in a time span like the Tertiary, while Pressure solution creep and Newtonian 
rheology allow the stringer fragments to sink to the bottom of the salt within a few million 
years. These large differences in sinking velocities are due to the very low differential 
stresses around the stringers in the order of 0.1 MPa after salt tectonics stopped. 
Comparing the results with observations from the seismic data, it is obvious that a power-
law rheology is in agreement with the natural observations. We conclude that the 
simulation of gravitational sinking of anhydrite blocks in rocksalt based on observations 
from natural settings enables a deeper understanding of the long term rheology of rocksalt, 
and that the rheology of the Zechstein salt masses in the Tertiary is non-Newtonian. 
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6. Chapter 6: Numerical modeling of the displacement and 
deformation of embedded rock bodies during salt tectonics - a 
case study from the South Oman Salt Basin* 
 
6.1 Introduction  
 
Large rock inclusions encased in salt (so-called rafts, floaters or stringers) are of broad 
economic interest. Understanding when and how those rock bodies break and redistribute 
fluids is of practical importance because the inclusions can contain overpressured fluids or 
hydrocarbons; as well as being exploration targets, they also pose drilling hazards 
(Williamson et al., 1997; Koyi, 2001; Al-Siyabi, 2005; Schoenherr et al., 2007a, 2008; 
Kukla et al., 2011). In addition, stringers are also relevant for the planning and operation of 
underground caverns and waste disposal facilities. The influence of stringer deformation is 
of importance in understanding the diagenetic evolution and hence reservoir properties of 
stringer plays (Schoenherr et al., 2008; Reuning et al., 2009). The study of stringers has 
also contributed to our understanding of the internal deformation mechanisms in salt 
diapirs (Talbot & Jackson, 1987, 1989; Talbot & Weinberg, 1992; Koyi, 2001; Chemia et 
al., 2008). Stringer geometries and associated deformation were studied in surface-piercing 
salt domes (Kent, 1979; Reuning et al., 2009) and in mining galleries in salt (Richter-
Bernburg, 1980; Talbot & Jackson, 1987; Geluk, 1995; Behlau & Mingerzahn, 2001). 
Additionally, recent improvements in seismic imaging allow the visualization and analysis 
of large-scale 3D stringer geometries (van Gent et al., 2011; Strozyk et al., 2012). All these 
studies reveal highly complex stringer geometries such as open to isoclinal folding, shear 
zones and boudinage over a wide range of scales, and give valuable insights into the 
processes occurring during salt tectonics. However, most salt structures have undergone a 
combination of passive, reactive and active phases of salt tectonics (Mohr et al., 2005; 
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Warren, 2006; Reuning et al., 2009) which complicates the interpretation of stringer 
geometries. As well as the complexity of the internal structural geology, extensive 
dissolution by groundwater can lead to a structural reconfiguration of the inclusions 
(Talbot & Jackson, 1987; Weinberg, 1993). The interpretation of the early structural 
evolution of brittle layers in salt giants (Hübscher et al., 2007) hence remains difficult. 
Results from analogue modelling have shown that stringers form in the ductile salt mass 
from the earliest stages until the end of halokinesis (Escher & Kuenen, 1929; Zulauf & 
Zulauf, 2005; Callot et al., 2006; Zulauf et al., 2009). During this evolution, the embedded 
inclusions undergo stretching, leading to boudinage and rotation. It was also suggested 
(Koyi, 2001) that the inclusions sink in the diapir due to negative buoyancy, moving 
downwards as soon as diapir growth and salt supply are not fast enough to compensate for 
this. 
 
In numerical models, salt is often treated as relatively homogeneous material. The few 
studies that  have addressed the evolution of stringers within the salt, focus on the rise and 
fall of viscous stringers during salt diapir growth (Weinberg, 1993; Koyi, 2001; Chemia et 
al., 2008). To our knowledge, no numerical study yet has investigated the brittle 
deformation of individual stringers during the initial phases of salt tectonics.  
 
The aim of this study is to report the first results of a study aimed to contribute to our 
understanding of brittle stringer dynamics during downbuilding. The main work is to 
model how brittle carbonate stringers embedded in a ductile deforming alt body would 
fracture due to the stresses exerted on the stringers by the flowing salt. We use the finite 
element method (FEM) to model the deformation and breaking of brittle layers embedded 
in ductile, deforming salt bodies.  
 
6.2 Geological Setting  
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The study area is situated in the south-western part of the South Oman Salt Basin (SOSB), 
in the south of the Sultanate of Oman (Fig. 1). The SOSB is late Neoproterozoic to early 
Cambrian in age and is part of a salt giant consisting of a belt of evaporitic basins, from 
Oman to Iran (Hormuz Salt) and Pakistan (Salt Range) and further to the East Himalaya 
(Mattes and Conway Morris, 1990; Allen, 2007).  
The SOSB is an unusual petroleum-producing domain. Self-charging carbonate stringers 
embedded into the salt of the SOSB represent a unique intra-salt petroleum system with 
substantial hydrocarbon accumulations, which has been successfully explored in recent 
years (Al-Siyabi, 2005; Schoenherr et al., 2008; Grosjean et al., 2009). However, 
predicting subsurface stringer geometries and reservoir quality remains a major challenge. 
The SOSB strikes NE-SW and has a lateral extension of approximately 400 km × 150 km. 
Its western margin is formed by the 'Western Deformation Front' (Fig. 1), a structurally 
complex zone with transpressional character (Immerz et al., 2000). The eastern margin is 
the so-called 'Eastern Flank' (Fig. 1), a structural high (Amthor et al., 2005).  
 
The eastward- thinning basin fill overlies an Early Neoproterozoic crystalline basement 
and comprises late Neoproterozoic to recent sediments with a total thickness of up to 7 km 
(Heward, 1996; Amthor et al., 2005; Al-Barwani and McClay, 2008). Oldest deposits of 
the basin are the Neoproterozoic to Early Cambrian age (~800 to ~530 Ma) Huqf 
Supergroup (Gorin et al., 1982, Hughes and Clark, 1988; Burns and Matter, 1993; 
Loosveld et al., 1996; Brasier et al., 2000; Bowring et al., 2007). The lower part of the 
Huqf Supergroup comprises continental siliciclastics and marine ramp carbonates of the 
Abu Mahara- and Nafun-Group (Fig. 2), which were deposited in a strike-slip setting and 
later in a period of relative tectonic quiescence with broad, regional subsidence (Amthor et 
al., 2005). During end Buah-times (~550.5 to 547.36 Ma, Fig. 2) an uplift of large 
basement blocks led to segmentation of the basin and to the formation of fault-bounded 
sub-basins (Immerz et al., 2000; Grotzinger et al., 2002; Amthor et al., 2005). Basin 
restriction during Ediacaran times led to first Ara-salt sedimentation within these fault-
bounded sub-basins at very shallow water depths (Mattes and Conway Morris, 1990; 
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Schröder et al, 2003; Al-Siyabi, 2005). Periods of differential subsidence in the SOSB led 
to transgressive to highstand conditions which caused growth of isolated carbonate 
platforms. Six carbonate- to evaporite (rock salt, gypsum) sequences of the Ara Group 
were deposited in total, termed A0/A1 to A6 from bottom to top (Mattes and Conway 
Morris, 1990) (Fig. 2). Bromine geochemistry of the Ara Salt (Schröder et al., 2003; 
Schoenherr et al., 2008) and marine fossils in the 20-200 m thick carbonate intervals 
(Amthor et al., 2003) clearly indicate a seawater source for the Ara evaporates. 
 
Subsequent deposition of continental siliciclastics on the mobile Ara Salt led to strong salt 
tectonic movements. Differential loading formed 5-15 km wide clastic pods and salt 
diapirs, which led to folding and fragmentation of the carbonate platforms into isolated 
stringers floating in the Ara Salt. Early stages of halokinesis started with deposition of the 
directly overlying Nimr Group, derived from the uplifted basement high in the Western 
Deformation Front and the Ghudun High. This early halokinesis was controlled by pre-
existing faults and formed asymmetric salt ridges and mini-basins (Al-Barwani and 
McClay, 2008). During deposition of the massive Amin Formation the depositional 
environment changed from proximal alluvial fans to a more distal fluvial-dominated 
environment, whereas the existing salt ridges acted as barriers until salt welds were formed 
(Hughes-Clark, 1988; Droste, 1997). Further salt ridge rises and/or shifts of 
accommodation space during deposition of the Mahwis. Formation led to formation of 
several listric growth faults in the post-salt deposits. Salt dissolution during Mahwis and 
lower Ghudun-times formed small 1-2 km wide sub-basins on the crest of selected salt 
ridges. The end of salt tectonics is marked by the lower Ghudun group, because salt ridge 
rise could not keep pace with the rapid sedimentation of this formation (Al-Barwani and 
McClay, 2008). Extensive near-surface dissolution of Ara Salt affected especially the 
Eastern Flank during the Permo- Carboniferous glaciations, forming the present-day shape 
of ‘stacked’ carbonate platforms without separating salt layers (Heward, 1996). 
 
In Carboniferous times reactivated basement faults led to movement of a number of salt 
ridges forming new, point-sourced diapirs. This renewed downbuilding changed into 
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compressional salt diapirism during Cretaceous time (Al-Barwani and McClay, 2008). This 
complex sequence of salt tectonics led to present-day variable salt thicknesses from a few 
meters up to 2 km in the SOSB.  
 
6.3 Salt-tectonics in the study area  
 
The salt tectonic evolution of the study area was studied from seismic lines supplied by 
PDO Exploration (Fig. 3). Here the deposition of the Nimr Group on the mobile Ara 
substrate led to early downbuilding and the formation of first generation Nimr minibasins 
and to small salt pillows on the flanks around the pods. Ongoing siliciclastic sedimentation 
made the pods sink deeper into the salt and caused further salt flow (cf. Ings and 
Beaumont, 2010). The salt pillows evolved into first pillow ridges due to vertical rise and 
lateral thinning of the salt body. Ongoing salt squeezing led the salt ridges' rise and formed 
first listric growth faults above or on the flanks of the salt ridges. The growth fault created 
locally new accommodation space which led to differential loading. This differential 
loading formed a second generation ‘pod’ on the top of an existing salt ridge. The new 
evolving pod developed two new ridges. The growth faults in the SW of the study area, 
located on the flanks of the salt ridge, were associated with growth of the existing salt 
ridge. Small sub-basins formed by salt dissolution (yellow arrow) were of minor 
importance in the study area. The end of the salt tectonics is indicated by the green 
Ghudun layer with lateral constant thickness.  
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Fig. 1. Overview map of the Late Ediacaran to Early Cambrian salt basins of Interior Oman (modified from 
Schroeder et al. 2005; Reuning et al. 2009, reprinted by permission from GeoArabia). The study area 
(marked by the yellow square) is located in the south-western part of the South Oman Salt Basin. The 
eastwards-thinning basin with sediment fill of up to 7 km is bordered to the west by the transpressional 
Western Deformation Front and to the east by the structural high of the Eastern Flank. 
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Fig. 2. Chronostratigraphic summary of rock units in the subsurface of the Interior Oman (modified from 
Reuning et al. 2009, reprinted by permission from GeoArabia). The geochronology was adopted from Al-
Husseini (2010). The lithostratigraphy of the lower Huqf Supergroup was adapted from Allen (2007) and 
Rieu et al. (2007). The lithostratigraphy of the upper Huqf Supergroup and the Haima Supergroup was 
adapted from Boserio et al. (1995), Droste (1997), Blood (2001) and Sharland et al. (2001). The 
lithostratigraphic composite log on the right (not to scale) shows the six carbonate to evaporite sequences of 
the Ara Group, which are overlain by siliciclastics of the Nimr Group and further by the Mahatta Humaid 
Group. Sedimentation of the siliciclastics on the mobile evaporite sequence led to strong halokinesis, which 
ended during sedimentation of the Ghudun Formation (Al-Barwani & McClay 2008). 
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Fig. 3. (a) Uninterpreted seismic line crossing the study area. (b) Interpretation of the seismic line shown in 
(a). The formation of salt pillows and ridges is caused by passive downbuilding of the siliciclastic Nimr 
minibasin leading to strong folding and fragmentation of the salt embedded carbonate platforms. 
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6.4 Geomechanical modelling of salt tectonics 
 
Geomechanical modelling of geological structures is a rapidly developing area of research. 
The numerical techniques allow incorporation of realistic rheologies, complex geometries 
and boundary conditions, and are especially useful for sensitivity analyses to explore the 
dependence of the system on variations in different parameters. The disadvantages are 
numerical problems with modelling localization of deformation with poorly known initial 
conditions and controversy on the appropriate rheologies. In addition to simplified 
analytical models which serve well to elucidate some critical problems (Triantafyllidis & 
Leroy, 1994; Fletcher et al., 1995; Lehner, 2000), most work is based on numerical 
techniques, usually applying finite elements (Woidt & Neugebauer, 1980; Last, 1988; 
Podladchikov et al., 1993; Poliakov et al., 1993; Schultz-Ela & Jackson, 1993; Van 
Keken, 1993; Daudré & Cloetingh, 1994; Ismail- Zadeh et al., 2001; Kaus & 
Podladchikov, 2001; Schultz-Ela & Walsh, 2002; Gemmer et al., 2004; Ings & Beaumont, 
2010). Almost all work to date has been in 2D and focuses on forward modelling of 
systems at different scales, incorporating different levels of complexity in different part of 
the models. For example, some models try to incorporate realistic two-component 
rheology of the salt while others use simple temperature-independent rheology. Other 
models focus on a detailed description of the stress field in applied studies of hydrocarbon 
reservoirs around salt domes, but only consider small deformations. Overburden rheology 
is in some cases modelled as frictional-plastic with attempts to consider localized 
deformation, while other models assume linear viscous overburden. Although most 
models produce results which are in some aspects comparable to the natural prototypes, it 
is at present unclear how the combination of simplifications at different stages of the 
modelling might produce realistic-looking results. Numerical modelling of salt tectonics is 
therefore a rapidly evolving field which, in recent years, has started to produce quite 
realistic results; however, much remains to be done until the full complexity of salt 
tectonic systems is understood. 
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6.5 Methods  
  
While the above interpretation serves to illustrate the most important profiles, it is 
important to keep in mind that the SOSB salt tectonics (Al-Barwani & McClay, 2008) is 
strongly non-plane strain and for a full understanding a 3D analysis and modelling is 
required. So the models presented here are the first step towards full understanding of 
stringer dynamics in this complex system.  
 
In this study we used the commercial finite element modelling package ABAQUS for our 
modelling, incorporating power law creep, elastoplastic rheologies and adaptive remeshing 
techniques. 
 
6.5.1 Model set-up 
 
To capture and explore the essential elements of the system, a simplified, generic model 
(Fig. 4a) was defined, based on the SW-part of the interpreted seismic line, between the 
two major salt highs (cf. Fig. 3).  
 
The model with SW-dipping basement has a width of 18 km. The salt initially has a 
thickness up to 1600 m and thins towards the NE (600 m). The carbonate stringer with a 
length of 12 km and a height of 80 m is located 360 m above the basement (Table 1). The 
passive downbuilding of the Haima pod is strongest in the centre of the model and volume 
of salt remains constant during deformation, while the Haima pods accumulate and 
subside in the centre. In this simple model, we start with a sinusoidal shape of top salt, 
increasing in amplitude over time.  
 
The duration and rate of deformation time was estimated using thickness variations of the 
overlying siliciclastic layers. The interpreted seismic line (Fig. 3) indicates that the Nimr 
Chapter 6 
 
129 
 
group, forming the  characteristic pods in our study area, has the highest lateral thickness 
variations and thus a total deformation time of 2×1014 s was used.  
 
An important tool to validate the models is to compare the calculated differential stress 
with results of subgrain size piezometry using core samples of SOSB Ara salt samples 
(Schoenherr et al., 2007a). 
Table 1: boundary conditions, input parameter  
Parameter Value 
Width of salt body (W) 18000m 
Height of salt body (H) 1600m 
Stringer thickness (h) 80m 
Stringer length (l) 12000m 
Salt density 2040kg/m3 
Stinger density 2600kg/m3 
Salt rheology A=1.04×10-14 MPa-5s-1, n=5 
Salt temperature 50°C 
Fig.4a 
 
Simplified model set-up discussed 
in the chapter (Fig.3), not drawn 
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Stringer elastic properties E=40Gpa, υ=0.4 
Basement elastic properties E=50Gpa,v=0.4 
Basement density 2600kg/m3 
 
The rheology of salt was described by a power-law relationship between the differential 
stress and strain rate:  
                        ( ) ( )nn
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where έ is the strain rate, (σ1-σ3) is differential stress, A0 is a material parameter, Q is the 
activation energy, R is the gas constant (R=8.314 Jmol
-1
K
-1
), T is temperature, and n is the 
power law exponent. 
 
The two main deformation mechanisms in salt under the stress conditions and 
temperatures of active diapirism are pressure solution creep, with n = 1 and dislocation 
creep, with n = around 5 (Urai et al., 2008).  As argued in Urai et al., 2008 and introduced 
in Chapter 3 (the chapter of salt rheology), under active diapirism deformation occurs at 
the boundary of these two mechanism and therefore rheology can be simplified to n = 5 
with the appropriate material parameters. Here we used parameters measured for Ara rock 
salt in triaxial deformation experiments: A0=1.82×10
-9
s
-1
, Q=32400 Jmol
-1
, n=5 (Schoenh- 
err et al., 2007b; Urai et al., 2008).  
 
In order to simplify the models we did apply a constant temperature of 50°C for the whole 
salt body. This simplification is justified by the relatively small total thickness of the salt 
layer which would result only in small temperature differences if a realistic temperature 
gradient was applied.  
 
The mechanical properties of the stringers used in the models are based on those of typical 
carbonate rocks in the SOSB. The elastic properties are relatively well known, however, 
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the fracture strength determined experimentally on small samples, is difficult to 
extrapolate to the scale of 10-100 m which is relevant for the models presented here. At that scale 
additional properties like small scale fracture density, which are not well known, have a strong 
influence on the fracture strength.  
 
In our models we take a conservative approach and assume that the large scale fracture 
strength is close to that of an undamaged carbonate rock. We therefore chose a Mohr-
Coulomb fracture criterion with a cohesion of 35MPa, a tensile strength of 25MPa and a 
friction angle of 30 degrees and the  elastic properties E = 30 GPa and a Poisson ratio of υ 
= 0.4. If we consider a thickness of the combined salt and sediment cover above the 
stringer of around 1000m we obtain an absolute vertical stress of about 25MPa and 
therefore , assuming hydrostatic pore pressure, an effective vertical stress of about 15MPa. 
Given those stress condition the relevant failure mechanism for the stringer is purely 
tensile. We have therefore used a test comparing the minimum principal stress in the 
stringer with the tensile failure strength to determine if the stringer is breaking during a 
given time step.  
 
6.5.2 Displacement of top salt 
 
Our models are constrained by the displacement of the top Ara salt over time as shown by 
the sediment package above. One approach to develop a model with the correct 
displacement would be forward modelling and progressive deposition of sediment (Ings & 
Beaumont 2010; Gemmer et al., 2004, 2005), and adjusting the model to produce the 
observed displacement. However, this would be very time-consuming and probably 
produce non-unique solutions. We therefore chose for a modelling strategy to prescribe the 
displacement of top salt by applying corresponding boundary condition. At this stage of 
the modelling we do not allow horizontal motion at this boundary (the equivalent of a 
fully coupled salt-sediment interface), and validate the model against differential stress 
measured in the salt using subgrain size piezometry. We keep the total vertical load on the 
top salt surface constant by applying a displacement boundary condition on the top of the 
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model as discussed, together with a constant total upwards load at the bottom of the 
model. The right and left sides of the model are constrained not to move horizontally but 
are free to move vertically.  
 
As discussed above, in the initial models presented above we start with a sinusoidal shape 
of top salt, increasing in amplitude at constant rate over a time interval of 2×1014 s. In 
future work the model can be easily adapted to include the results of 2D or 3D palinspastic 
reconstruction of the overburden (Mohr et al., 2005).  
 
6.5.3 Iterative Scheme for Stringer Breaking   
 
One of the main challenges of the current study is to model the breaking of the brittle 
layers embedded in salt which deforms in a ductile manner. Full description of the opening 
and propagation of a fracture and its filling with the ductile material is beyond the 
capabilities of current numerical modelling. Therefore, we adopted a strongly simplified, 
iterative procedure in ABAQUS to detect the onset of conditions of fracturing and model 
the subsequent breakup of the stringers. 
 
For this purpose an initial model is set up with the material properties in a gravity field. 
The model is then run, i.e. the salt body is deformed, and the stresses in the stringer are 
monitored. If the stresses in a part of stringer exceed the defined failure criterion, the 
simulation is stopped, the stringer is ‘broken’ by replacing the material properties of one 
column of elements in the stringer by those of salt (Figure 4b) and the simulation is 
continued until the failure criterion is exceeded again in another part of the stringer. This 
procedure is repeated until the final deformation of the salt body is reached while the 
stress in no part of the stringer is exceeding the failure criterion. 
 
Chapter 6 
 
133 
 
 
 
Fig. 4b Breaking of a stringer and subsequent separation of the fragments. a). The minimum principal stress 
is used to detect tensile failure in stringer in step1. If tensile strength is exceeded, the stringer is broken in 
this location. b) After the first break, the salt flow inside the fracture part. The minimum principal stress in 
stringer decreases. Meanwhile with the further displacement on the top, the minimum principal stress around 
stringer also decreases. c) With the further displacement of the top surface, the two stringers continue 
moving apart. d) The two stringers continue moving apart and the minimum principal stress decreases in the 
salt.  
 
6.5.4 Adaptive remeshing of the model  
 
The model contains material boundaries which in the standard FEM, need to be located at 
an element boundary. Therefore deformations of the model in the model also require the 
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deformation of the FEM mesh.  
 
The heterogeneous deformation of the salt body around the stringers leads locally to high 
strains which therefore result in local strong distortions of the FEM mesh. However, if the 
distortion of the mesh becomes too large, it can cause numerical instabilities and 
inaccuracy. This process limits the maximum achievable deformation of a FEM model 
with a given mesh.  
 
To overcome these limitations we have used the built-in adaptive re-meshing routines of 
ABAQUS to create new elements while mapping the stress and displacements of the old 
mesh on this new one. If the sinking of a stringer takes place at low viscosity of the 
surrounding salt or over long time scales, large displacements can result. However, since 
in our model the mesh needs to deform to follow the moving material boundaries, this 
would lead to mesh distortions which will eventually become too large. After the stringer 
has sunk by given amount, a new mesh is built according to the new locations of the 
material boundaries and the field variables are mapped from the old to the new mesh. 
Then the calculation is continued using the new mesh until another re-meshing step is 
needed.  
 
6.6 Results 
 
Figure 5 shows the model evolution and the sequence of breaks in the stringer together 
with the displacement of top salt during downbuilding. The first break in the stringer 
occurs slightly up-slope from the centre the model, in the region where  the downward 
movement of the top salt surface with respect to the sloping basement is fastest. After the 
break the two stringer fragments move apart and the velocity field of the salt is 
redistributed. In Figure 6 the maximum vertical displacements are given relative to the 
initial datum. The second and third break also occur in the central region of the model 
whereas the fourth break is located in the right part of the model where the salt layer above 
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the stringer is significantly thinner than in the left part. The length of the boudins can be as 
small as 3-4 times the thickness of the stringer. In this model, the regions where most 
intense folding or thrusting of the stringers is expected with increasing displacement, i.e. 
in the areas of horizontal shortening near the side boundaries of the model, do not contain 
stringers, so only minor folding and rotation of the stringers occurs around the ends of the 
boudins.   
 
Fig. 5. The geometry of model evolution and the location of the 1
st
, 2
nd
,3
rd
 ,4
th
 and final configuration of the 
breakages. The displacements of the mid node on the initial top salt for each step are 10m,60m, 180m, 350m 
and 500m. Position of the break indicated by the grey arrow. Salt is shown in blue. Dotted line shows the 
position for initial top salt.  
As described above, the Mohr-coulomb criterion and the values of the minimum 
principal stress  (Figure 6) were used as a criterion for failure in the stringer. If the 
criterion is exceeded, the stringer is broken at the location where the stress exceeds the 
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breaking strength as shown in Figure 7.  
 
Fig. 6. The minimum principal stress during the model evolution from step 1 to step 5. Dotted line is the 
zero-position before the deformation. Dotted line shows the position for initial top salt. 
 
 
Fig. 7. The minimum principal stress is exceeded to cause tensile failure in stringer in step1. If tensile 
strength is exceeded, stringer is broken at this spot. Dotted line shows the position for initial top salt.  
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We observe (Figure 8) that there is a stress shadow, i.e. an area where the differential 
stress is smaller than in the surrounding region, in the salt  underneath the stringer at the 
location of the future break with a stress increase after the stringer breaks and the salt on 
the two sides is in  communication. In Figure 7, we can also see that the fracturing 
condition is reached due to both extension and bending of the stringers. There is no 
further fracturing of the stringer between the 4
th 
break shown in Figure 5, i.e. after the 
displacement in the centre of the top salt has reached 350m, and the end of the simulation 
which is at a central top salt displacement of 500m.  
 
Fig. 8. The differential stress in salt during the model evolution from step 1 to step 5  
The salt flow around stringers leads to an extension which is dependent on the flow 
patterns in the salt and length of the stringer fragments (Ramberg, 1955). Therefore, if the 
length of stringer is small enough, the stress can not exceed the failure strength so that no 
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further fracturing takes place.  
 
Figure 8 shows contours of the differential stress σ1-σ3 in the model. It can be seen that 
the  differential stress inside the salt is between ~600kPa and ~1.4MPa. This agrees well 
with the differential stress of ~1MPa in Ara salt measured from subgrain size data 
(Schoenherr et al., 2007a). This suggests that our model and the boundary conditions 
chosen are internally consistent.   
 
 
 
Fig. 9. The stress orientations during the model evolution process from step 1 to step 5 are shown in Figure 
10. Stress orientations around stringers are clearly visible. Minimum principal stress in stringer is horizontal. 
Dotted line shows the position for initial top salt. 
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Fig. 10. The stress orientations during the model evolution process in step 1. Stress orientation change at the 
breaking part are clearly visible. Minimum principal stress in stringer is horizontal. Dotted line shows the 
position for initial top salt.  
 
 
 
Fig. 11. The stress orientations during the model evolution process in step 3. Stress orientations around 
stringers are clearly visible. Minimum principal stress in stringer is horizontal. Dotted line shows the 
position for initial top salt.  
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Comparison of stress orientations during the different stages of model evolution (Figure 9) 
shows how principle stress orientations change due to the breaking of the stringer (Figure 
10). This is visible in the central part of the model. In step 1, the stress orientation changes 
at the breaking part. On the top of the stringer, we can see that the orientation of the 
principal stresses rotates by up to 90°. The same evolution can be observed in other steps 
(Figure 11). Before the break in the stringer occurs it can be seen in Figure 12 that the 
flow pattern in the salt is organized in such a way that there is a particularly strong 
horizontally diverging flow above the region of the stringer where the break will happen It 
is also noticeable that flow in the salt layer between the basement and the stringer has a 
much lower velocity than above, as expected for the dominantly Couette flow in this 
region. After the stringer has been broken into two separate fragments the flow pattern is 
reorganized as shown in Figure 13. There  is now a strong flow though the gap between 
the two stringer fragments which are moving apart, leading to bending moments and 
rotation of the stringers. Due to this movement there is now also a more rapid flow of the 
salt in the relatively thin layer between the stringer and the basement rock. 
 
Fig. 12. The velocity gradient in salt localizes at location of future break in stringer. The part beneath the 
stringer has very small flow. Blue arrow points to stringer. Grey arrow indicates location of future break. 
Dotted line shows the position for initial top salt.  
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Fig. 13. A strong flow through the gap between the separating stringer fragments develops. A 
significant flow can also be observed in the relatively thin salt layer between the stringer and the 
basement. Dotted line shows the position for initial top salt. 
6.7 Discussion 
 
We presented an approach to numerically model the deformation and breakup of brittle 
layers embedded in ductile salt. While full and comprehensive treatment of boudinage is a 
very complex process, this approach is reasonably practical and seems to describe many of 
the critical processes in the development of salt stringers. Although the basic principles for 
the onset of boudinage have been recognized for a long time, much less is known of the 
evolution of a set of boudins after their initial formation. The details of the evolution of the 
boudin-neck and the evolution of pore pressure in the stringers (e.g. Schenk et al., 2007) 
are also not yet captured. Therefore the calculations are regarded as strongly conservative 
considering the high strength assigned to the stringers. Considering the evidence for 
overpressures in many carbonate stringers in the SOSB, in reality the stringers probably 
failed much earlier than in this model (Kukla et al., 2011).   
 
The carbonate stringers embedded in the salt are modeled as brittle elastoplastic material 
while the salt is modelled as non-newtonian viscous fluid (n=5). This is in contrast to 
previous studies that have used viscous material for both the salt and  the embedded rock 
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bodies (Weinberg, 1993; Koyi, 2001; Chemia et al., 2008). In the model of the sinking 
anhydrite blocks on salt diapirs (Koyi, 2001), the anhydrite is given a 105 times higher 
viscosity than the salt, however, both materials are considered as Newtonian (n=1) viscous 
fluids. In the model of Chemia et al. (2008), the salt is again considered to be Newtonian, 
however the anhydrite is treated as non-Newtonian fluid with a power-law rheology (n=2). 
In addition, the overlaying sediments are also modelled as non-Newtonian viscous 
material, but with a power-law exponent n=4.  
 
One key difference in the outcome of the simulations of the deformation of the rock bodies 
embedded in salt between our work and those studies is that we allow for breaking of the 
(brittle) stringers in our work whereas previous studies have tended to produce folding or 
pinch-and swell of the (viscous) stringers. From the results of the simulations presented in 
this work (Figures 5-12), it can be seen that the stringers deform in different ways 
depending on the local stress and strain conditions. In the central part of the model where 
the laterally diverging flow patterns in the salt cause extension the stringer, the stringers 
are broken by tensile fractures and boundinaged. The spacing of the boundinbounding 
faults can be as close as 3-4 times the thickness of the stringer. Interpretations of seismic 
data (Figure 3) indicate that the stringers in the Ara salt are indeed broken and boudinaged 
underneath the Haima pod, in agreement with the model. However, the stringers are also 
interpreted as folded. This is also in agreement with observations in salt mines (Borchert 
and Muir, 1964) and 3D seismic observations of stringers in salt in the CEB where 
resolution of the seismic is much better (Strozyk et al., 2012). This might be an effect of 
the mechanical properties assumed for the stringers. In this study the stringers are treated 
as elastoplastic, whereas in nature they show a  combination of brittle and ductile 
behaviour. When the brittle stringer in our models is stretched, the stress change will result 
in failure of the stringer and boudinage. Under compressive loading the model shows 
shortening, bending and under suitable salt flow conditions thrusting may also occur 
(Leroy and Triantafyllidis, 2000). Progressive salt deformation may lead to complex 
combinations of these effects, for example to boudinage followed by overthrusting.  
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In future work, we will attempt to include the ductile behaviour of the stringer into the 
model by considering visco-plastic material properties for the stringers in addition to the 
current elasto-plastic material.   
 
6.8 Conclusions 
 
We presented first results of a study of the dynamics of brittle inclusions in salt during  
and after downbuilding. Although the model is simplified, it offers a practical method to 
explore complex stringer motion and deformation, including brittle fracturing and 
disruption.  
 
Under the conservative conditions modelled here, stringers are broken by tensile fractures 
and boundinaged very early in downbuilding (~10 m top-salt minibasin subsidence) in 
areas where horizontal salt extension dominates. Ongoing boudinage is caused by 
reorganization of the salt flow around the stringers. Rotation and bending of the stringers 
is caused by vertical components of the salt flow. Flow stresses in salt calculated in the 
numerical model is consistent with those from grain size data. The model can easily be 
adapted to model more complex geometries and displacement histories.  
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Appendix: Modeling of stringer deformation and displacement in Ara 
salt after the end of salt tectonics 
 
In this part, we make models of the deformation and displacement of the stringer 
embedded in salt after the end of salt tectonics. The same model geometry as introduced in 
Chapter 6 is used and the subsequent calculation is made when salt tectonics stops. 
 
According to the geological setting, the Nimr group finishes forming the characteristic 
pods in the study area at about -520 Ma. The purpose to model the stringer deformation 
and displacement after salt tectonics (from -520 Ma to 0 Ma) is to investigate the 
redistribution of differential stress in stringers and long-term salt rheology due to the end 
of salt tectonics. Detailed knowledge of the internal stresses in the stringers could have 
significant implications for example, for structural interpretation and the assessment of 
drilling risks.  
 
Method 
 
We use the result of the final configuration of Ara salt section with elongated, already 
broken and physically isolated stringer fragments embedded in salt (Final model result of 
3.1).  At the end of salt tectonics (-520Ma), we stop the salt deformation on the model and 
only apply the gravitational loading on the salt section and the stringer fragments to 
investigate their deformations and displacements. The model is 2D plain strain. The 
boundary conditions are zero displacement perpendicular to the boundary at the bottom 
and at the sides. The top salt surface is fixed in x and y direction. This post-tectonics setup 
is simulated about a time span of 520 Ma.  
 
Result 
 
Figure 14 shows the contour of the differential stress σ1 -σ3 in salt after the end of 
tectonics (-520Ma, -519.9Ma, -519Ma,-509Ma and today). When salt tectonics stops (-320 
Ma), we observe an approximately 0.1Ma period of the average of  high stress relaxation 
in the salt from 1 MPa down to 0.5MPa, and an 1.0 Ma period of the average stress 
relaxation in the salt from 0.5MPa to 0.25 MPa. Then the relaxation will slowly continue 
down to 0.20 MPa from -519 Ma to -509 Ma. Finally, at 0 Ma the average differential 
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stress in salt is around 0.05 MPa. This result shows the long-term rheology still lasts due 
to the residual stress in salt.  
 
 
Figure 14.  The contour of the differential stress σ1 -σ3 in stringer fragments after the end of tectonics (-
520Ma, -519.9Ma, -519Ma,-509Ma and today) 
 
Figure 15 shows the contour of the differential stress σ1-σ3 in stringer fragments after the 
end of tectonics. The average differential stress decreases inside the stringer fragments 
from 30 MPa to 25 MPa in 0.1Ma period and from 25MPa down to 20MPa during 1Ma 
period. From -519Ma to -509 Ma, the differential stress goes down to 17.5 MPa. At 0 Ma, 
the differential stress in fragments is around 17 MPa.  
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Figure 15.  The contour of the differential stress σ1-σ3 in salt after the end of tectonics (-520Ma, -519.9Ma, -
519Ma,-509Ma and today) 
 
Conclusion 
 
After salt tectonics, the differential stress relaxation occurs both in salt and stringer 
fragments.  Dislocation creep in salt leads to minor sinking and deformation of in the time 
span of 520Ma. Almost no displacement of stringer fragments is caused by the rapid stress 
relaxation from 1 Ma to in the order of 0.1 Ma around stringer fragments after salt 
tectonics stopped. Due to the stress redistribution in salt, the differential stress in stringer 
fragment also decrease about 15Ma. 
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7. Chapter 7: A sensitivity study on the numerical model of 
displacement and deformation of embedded brittle rock bodies 
during salt tectonics (The extension case study from SOSB) 
 
 
7.1 Introduction 
 
Large rock inclusions are embedded in many salt bodies and these inclusions have 
different ways of deformation and displacement. In Chapter 6, we have established a finite 
element model for downbuilding simulation, constrained by observations from the South 
Oman Salt Basin, in combination with adaptive remeshing to investigate how 
downbuilding induces ductile salt flow and the associated deformation of brittle stringers. 
We report the first results of a study aiming at contributing to our understanding of brittle 
stringer dynamics during downbuilding. 
 
In this chapter, we make a sensitivity study on the displacement and deformation of brittle 
stringers in a salt diapir. This research is aimed at the understanding about how the 
dynamics of brittle inclusions in salt during downbuilding are influenced by various 
factors including the geometry and material parameters. 
 
The sensitivity study is based on the previous research by setting up an initial model. The 
aim of the study is to investigate how the geometry (the depth and number of the stringer 
in salt, the configuration of basement, the thickness of stringer) plays a role on the timing, 
number and location of breaks in a stringer and which one of the parameters will dominate 
the stringer deformation and break in salt.  
 
7.2 Geological Setting  
 
Salt-tectonics in the study area was introduced in Chapter 6.
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7.3 Methods and Models 
 
7.3.1 Geomechanical modelling of salt tectonics  
 
In this Chapter, the geomechanical model is based on the one we established in Chapter 6. 
We allow the various rheologies, complex geometries including more than one stringer 
and various stringer location according to the seismic data. As explained in Chapter 6, in 
this study we used the commercial finite element modelling package ABAQUS for our 
modelling, incorporating power law creep, elastoplastic rheologies and adaptive remeshing 
techniques. As explained in Chapter 2, in this study we use iterative scheme (improved 
scheme also included) to detect and model frequent stringer breaking. The mesh sensitivity 
test and a complex application model are shown in the Appendix to this chapter. 
 
7.3.2 A series of groups of model setups 
 
As described in Chapter 6, the model with SW-dipping basement has a width of 18 km. 
The dip angle is 3.28 degrees. The salt initially has a thickness up to 1600 m and thins 
towards the NE to 600 m. The carbonate stringer with a length of 12 km and a thickness of 
80 m is located 360 m above the basement  The passive downbuilding of the Haima pod is 
strongest in the centre of the model and the volume of salt remains constant during 
deformation, while the Haima pods accumulate and subside in the centre. In this simple 
model (Figure 1), we start with a sinusoidal shape of top salt and increase amplitude to 
500m over time. The time duration of salt deformation is 6.3Ma. Table 1 shows the 
geometrical and material properties of salt and stringer.  
 
This research is mainly devoted to the further understanding about how the parameters 
such as geometries, numbers of stringers and geometry of the basement influence the salt 
deformations and stringer boudinage/foldings. We made a sensitivity study in order to test 
the relation between the stringer deformation patterns and geometrical parameters. Seismic 
interpretation is done by PDO and then the details of the model geometries are provided 
by them. Table 2 shows the list of various parameters in the following models. Here four 
groups of models with various geometrical properties are investigated: 
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1) Group I is composed of three models which only vary the location of the stringer 
2) Group II is composed of three models which vary the thickness of the stringer 
3) Group III is composed of four models which vary number of stringers and the thickness 
of salt layer between them 
4) Group IV is composed of two models which varies different configuration of the 
basement. 
 
 
Figure 1   
 
Simplified standard model set-up 
discussed in Chapter 6 
 
Table 1: boundary conditions, input parameter  
Parameter Value 
Width of salt body (W) 18000m 
Height of salt body (H) 1600m 
Stringer thickness (h) 80m 
Stringer length (l) 12000m 
Salt density 2040kg/m3 
Stinger density 2600kg/m3 
Salt rheology A=1.04×10 -14MPa-5s-1, n=5 
Salt temperature 50°C 
Stringer elastic properties E=30Gpa, υ=0.3, c=35MPa, T=25MPa 
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Basement elastic properties E=50Gpa, υ=0.4 
Basement density 2600kg/m3 
Calculation time 6.3Ma 
 
Power-law creep with the order n=5 is used as the rheology of salt in the study. For the 
mechanical properties of the stringers, the large scale fracture strength of undamaged 
carbonate rock is assumed. Therefore a Mohr-Coulomb fracture criterion is chosen with a 
cohesion of 35MPa, a tensile strength of 25MPa and a friction angle of 30 degrees and the 
elastic properties E = 30 GPa and a Poisson ratio of υ = 0.4.  
 
Table 2: a list of various parameters in the following models  
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Number(distance 
of stringers) 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Group I Model 
A 
100m 80m 1 str. Slope 6.3Ma 
Group I Model 
B 
360m 80m 1 str. Slope 6.3Ma 
Group I Model 
C 
500m 80m 1 str. Slope 6.3Ma 
Group 
II 
Model 
A 
360m 40m 1 str. Slope 6.3Ma 
Group 
II 
Model 
B 
360m 80m 1 str. Slope 6.3Ma 
Group 
II 
Model 
C 
360m 150m 1 str. Slope 6.3Ma 
Group 
III 
Model 
A 
200m 80m 2 str.(100m) Slope 6.3Ma 
Group 
III 
Model 
B 
200m 80m 2 str.(200m) Slope 6.3Ma 
Group 
III 
Model 
C 
200m 80m 2 str.(400m) Slope 6.3Ma 
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Group 
III 
Model 
D 
200m 80m 3 str.(100m) Slope 6.3Ma 
Group 
IV 
Model 
A 
200m 80m 1 str. Slope 6.3Ma 
Group 
IV 
Model 
B 
200m 80m 1 str. Step 6.3Ma 
 
Model Group I 
 
In Model Group I (Figure 2), the stringer is 80m thick and 12000m long, paralleling to 
sloping basement. Three different distances between stringer and basement are shown as 
100m(A), 360m(B) and 500m(C), while they are named as Deep, Base and Shallow model 
separately. Model A (Deep model, Figure 2.1) indicates the deepest stringer location with 
100m distance between bottom of the stringer and top of the basement. Model B (Base 
model, Figure 2.2) indicates the stringer at intermediate depth location with 360m distance 
between bottom of the stringer and top of the basement. Model C (Shallow model, Figure 
2.3) indicates the stringer at the shallowest location with 500m distance between bottom of 
the stringer and top of the basement. 
 
 
Figure 2    
 
In Model Group I, the stringer is 
located in deep, base and shallow 
position, separately. 
 
 
Model Group II 
 
In Model Group II (Figure 3), the stringer is 80m thick and 12000m long, paralleling to 
Chapter 7 
 
152 
 
sloping basement. Three different stringer thickness are shown as 40m(A), 80m(B) and 
150m(C), named as Thin, Base and Thick model separately. Model A (Thin model) 
indicates the thinnest stringer with 40m thickness. Model B (Base model) indicates the 
thinnest stringer with 80m thickness. Model C (Thick model) indicates the thinnest 
stringer with 80m thickness. 
 
 
Figure 3   
 
In Model Group II, the stringer has 
various thickness in thin, base and thick 
model. 
 
 
 
Model Group III 
 
In this group the models contain more than one stringer (Figure 4). The stringers are 80m 
thick and 12000m long, parallel to sloping basement. Two stringers with three different 
distances between each other are shown as 100m (A), 200m(B) and 400m(C), named as 2-
stringer-thin, 2-stringer-base and 2-stringer-thick model separately. Each model also 
shows 200m distance between bottom of the stringer and top of the basement. At three 
stringers model (D) is also shown in this model group. The model has 100m distance 
between bottom of the stringer and top of the basement. Model A (2-stringer-thin model) 
contains 2 stringers closely spaced with 100m distance between stringers. Model B (2-
stringer-base model) contains 2 stringers closely spaced with 200m distance between 
stringers. Model C (2-stringer-thick model) contains 2 stringers closely spaced with 400m 
distance between stringers. Model D (3-stringer-base model) indicates 3 contains closely 
spaced with 100m distance between stringers. 
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Figure 4  
 
In Model Group III, the number and the 
distribution of stringers are different, 
including 2-stringer-thin, 2-stringer-base, 
2-stringer-thick and 3-stringer-base  
model separately. 
 
 
 
Model Group IV 
 
In Model Group IV (Figure 5), the stringer is 80m thick and 12000m long, and 
horizontally oriented instead of parallel to the basement. Different basement 
configurations are shown in Model A with straight, dipping style and in Model B with 
stepped style. Model A (Base-config-slope-model) indicates one stringer horizontally, i.e. 
parallel to initial top salt surface. The basement is dipping 3.2 degree as in the reference 
model. Model B (Base-config-step-model) contains one stringer oriented horizontally, i.e. 
parallel to the initial top salt surface. The basement consists of two horizontal sections 
separated by a step, 300m high and dipping 45°. 
 
 
Figure 5  
 
In Model Group IV, the stringer is 80m 
thick and 12000m long, paralleling to 
horizontal direction. Different basement 
configurations are shown in Model A 
with straight, dipping style and in Model 
B with stepped style. 
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7.4 Results 
7.4.1 Model Group I 
 
In this group of models the results shows timing and frequency of the breaks in the 
stringer are strongly dependent on the depth position of the stringer. Moreover, the 
difference of the result in the timing of the first break suggests that break time is not only 
influenced by the distance to the deforming top salt surface but also by the proximity to 
the basement. 
 
Figure 6a, 7a and 8a show the deformation and the sequences of breaks in the deep, 
intermediate and shallow stringer together with the displacement of the top salt surface 
during downbuilding. In the base model with intermediate stringer, the first break in the 
stringer occurs slightly up-slope from the center of the model, in the region where the 
downward movement of the top salt surface with respect to the top salt surface with 
respect to the sloping basement is fastest. After the break the two stringer fragments move 
apart and the velocity field of the salt is redistributed (Fig 12/13 in Chapter 6). The second 
break also occurs in the central region whereas the third and fourth breaks are located in 
the right part. In this model, the regions where most intense folding or thrusting of the 
stringers is expected with increasing displacement, i.e. In the areas of horizontal 
shortening near the side boundaries of the model, do not contain stringers, so only minor 
folding and rotation of the stringers occurs around the ends of the boudin. 
 
Figure 6a shows that the deep stringer has not a second break during the entire 
deformation, while Figure 8a indicates the largest numbers of breaks among the results of 
Model Group I because of the shallow stringer close to the initial top salt surface. We can 
see from the result of model group that the initial depth of the stringer has big impact on 
the numbers of break. Figure 6b, 7b, and 8b show contours of the differential stress σ1-σ3 
in the model. In Figure 4, it can be seen that the differential stress inside the salt is 
between ~600kPa and ~1.4MPa. This agrees well with the differential stress of ~1MPa in 
Ara salt measured from subgrain size data (Schoenherr et al., 2007a). This suggests that 
our model and the boundary conditions chosen are internally consistent. 
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     Fig. 6a  The evolution of  the deep model      Fig. 6b  The differential stress  in deep model 
     Fig. 7a  The evolution of  the  base model    Fig. 7b  The differential stress  in the base model 
     Fig. 8a  The evolution of  the shallow model  Fig. 8b  The differential stress  in shallow  model 
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Table 3:  Surface displacement to first break and stringer thickness in Model Group I 
 Model Group I (A) Model Group I (B) Model Group I (C) 
Surface displacement 
at first break 
55m 10m 5m 
Surface displacement 
at second break 
No  second break 60m 120m 
Number of breaks 1 4 6 
 
Table 3 demonstrates the relation between surface displacement at break and the initial 
depth of stringer center. It is shown that timing of first break is strongly dependent on 
initial stringer depth, but the location of the second break changes and timing of the 
second break does not follow the rule as the first break has. One interesting phenomenon 
is that there is no second (or further) break for deepest stringer location. The largest 
number of breaks occurs in Model C due to the stringer closest to the top surface. 
 
7.4.2 Model Group II 
 
In this group of models, the results show the thickness of stringer can also strongly 
influence the deformation of salt surface at stringer breaks  and stringer break numbers. 
The results indicate that the first break occur earlier in the thin stringer rather than 
intermediate or thick stringers. Figure 9a, 10a and 11a show the deformation and the 
sequences of breaks in thin, intermediate and thick stringer together with the displacement 
of top salt during downbuilding. In the model with the thin stringer, the first break in the 
stringer occurs slightly up-slope from the center of the model, in the region where the 
downward movement of the top salt surface with respect to the sloping basement is fastest. 
After the break the two stringer fragments move apart. The further breaks occurs when the 
salt flow causes the bending and extension of the thin stringer.  
 
The observation shows that the number of breaks in the intermediate stringer (Figure 10a) 
is more than the one in the thick stringer (Figure 11a). The thin stringer (Figure 9a) also 
breaks into more fragments than the intermediate stringer (Figure 10a). It can be seen that 
the number of the breaks is dependent on the stringer thickness. It is easy for thin stringer 
to result in bending/folding phenomenon during the salt deformation compared to thick  
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     Fig. 9a  The evolution of  the thin model  Fig. 9b  The differential stress in the thin  model 
    Fig. 10a  The evolution of  the base model Fig. 10b  The differential stress of  the  base  model 
     Fig. 11a  The evolution of  the thick model model Fig. 11b  The differential stress of  the thick model 
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stringer due to the small cross section of thin stringer compared to thick stringer. Figure 
9b, 10b and 11b shows contours of the differential stress σ1-σ3 in the model. This agrees 
well with the differential stress of ~1MPa in Ara salt measured from subgrain size data 
(Schoenherr et al., 2007a). 
 
Table 4: Surface displacement to first break and stringer thickness in Model Group II 
 Model Group I (A) Model Group I (B) Model Group I (C) 
Surface displacement 
at first break 
5m 10m 13m 
surface displacement 
at second break 
30m 60m 120m 
Number of breaks 8 4 2 
 
Table 4 illustrates the relation between surface displacement to first break and stringer 
thickness. We can see that timing of the first break is strongly dependent on stringer 
thickness and the thick stringer needs 3 times more salt surface displacement than the thin 
stringer to reach first break. Most break frequency is shown in the thin stringer model 
because the smallest thickness. 
 
7.4.3 Model Group III 
 
In the group of model, the results generally shows first break is not only dependent on the 
distance to the top surface but also on distance to the next stringer below. The time 
interval between the breaking of the upper stringer and the one below it also depends on 
the distance between them. 
 
Figure 12a, 13a and 14a show the deformation and the sequences of breaks in the two 
stringers with thin, intermediate and thick distance with the displacement of top salt. As 
was shown for Model Group I, the number of the break and the size of the resulting 
stringer fragments are influenced by the initial depth location of the stringer. The highest 
number of breaks among the results of Model Group III is indicated in Figure 13a. Figure 
15a shows the deformation and the sequences of breaks in the three stringers with the 
displacement of top salt. The number of the breaks in three stringers are less compared to  
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 Fig. 12a  The evolution of  the 2-stringer-thin model  Fig. 12b  The differential stress of  the 2-stringer-thin model 
Fig. 13a  The evolution of  the 2-stringer-base model  Fig. 13b  The differential stress of  the 2-stringer-base model 
Fig. 14a  The evolution of  the 2-stringer-thick model  Fig. 14b The differential stress of  the 2-stringer-thick  model 
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in two stringers because the three stringers are close and the top of the three stringers is 
also further to the top salt surface. We can conclude that the number of the breaks is 
relevant to not only the distance between the stringer but also the location of the stringer to 
the top salt surface or the basement. 
 
Figure 12b, 13b,14b and 15b show contours of the differential stress σ1-σ3 in the model. 
This agrees well with the differential stress of ~1MPa in Ara salt measured from subgrain 
size data (Schoenherr et al., 2007a). 
 
  
 
 
 
Table 5 shows the relation of surface deformation at first break and initial distance to 
surface (Stringer center). We can reach the conclusions that top stringer breaks earlier due 
to its closeness to the surface. Moreover, the distance to between two stringers (the 
thickness of the salt layer between two stringers) also influence the first break time. The 
time interval between the breaking of the upper stringer and the one below it also depends 
on the distance between them. Large distance generally leads to long time interval. 
 
 
 
 
Fig. 15a  The evolution of  the 3-stringer model  Fig. 15b  The differential stress of  the 3-stringer 
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Table 5: Surface displacement to first break and stringer thickness in Model Group III 
 Model Group III (A) Model Group III (B) Model Group III (C) 
surface displacement 
at first break 
25m 7m 4m 
surface displacement 
at second break 
130m 130m 60m 
Break numbers of top 
stringer  
3 6 5 
 
 
7.4.4 Model Group IV 
 
In model A (the base-configuration-step model), the break is related to the closeness of the 
horizontal stringer to the top salt surface in the area of peak deformation. Figure 16a 
shows the deformation and the sequences of breaks in the horizontal stringer with the 
displacement of top salt. Less frequency of stringer breaks are demonstrated in Figure 16a 
because that the right side of the horizontal stringer has still more space to the top salt 
surface compared to the other Model Groups.  
 
In model B (the base-configuration-step model), the most intense fracturing and also the 
peak values of the differential stress in the salt are observed in Figure 16b near the step in 
the basement topography despite the maximum displacement of the salt surface being 
further left. High frequency of stringer breaks are demonstrated in Figure 16b because that 
the horizontal stringer is quite close to the top salt surface compared to the other Model 
Groups. The rotation of the stringer is obvious near the step in the basement because of the 
salt flow restricted to the boundary. Another feature is that the largest fragment can be 
seen at the location of the maximum displacement of the salt surface at the left part. 
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7.5 Discussion 
 
We presented an approach to numerical model the deformation and breakup of brittle 
layers embedded in ductile salt (in Chapter 6). In this chapter, we discussed how the 
geometrical parameter sensitivity influenced the timing and frequency of stringer breaks 
and the process of salt tectonics. Some sensitivity studies have been published previously 
(Weinberg, 1993; Koyi, 2001; Chemia & Koyi, 2008; Chemia et al., 2008, 2009). In these 
studies, the carbonate stringers were modeled as viscous material with higher viscosity 
than salt. 
 
Moreover, the influence of various parameters (viscosity of salt, location of anhydrite 
layer in salt, sedimentation rate and the perturbation width) on the control of salt supply 
have been investigated in Chemia et al. (2008), Chemia & Koyi (2008) and the sensitivity 
of viscosity on future evolution of the Gorleben salt diapir has also been discussed in 
Chemia et al. (2009). All the three publications suggest that entrainment of denser blocks 
into a salt diapir is controlled by these parameters. In these studies, the dense anhydrite 
layer is modeled as viscoplastic material following a power-law rheology. Numerical 
models of complex diapirs and sensitivity studies have been established in Podladchikov 
et al. (1993) and Poliakov et al. (1993). Various parameters such as erosion rate and 
viscosity of the overburden are taken into consideration. The overburden was regarded as 
Fig. 16a  The evolution of  the slope configuration 
basement model  
Fig. 16b  The evolution of  the stepped configuration 
basement model  
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the material with viscosity and erosion coefficient while the salt below them had constant 
viscosity. These researches clearly investigated how salt diapirism was controlled by the 
increasing rate of diffusion of a potential diapir-induced topography and different viscosity 
profiles. Furthermore, the numerical model has built for salt tectonics driven by 
differential sediment loading in Gemmer et al. (2004). The research took into 
consideration the sensitivity of model results to both the width of the salt layer (different 
width of salt layer) and sediment progradation (different progradation rate). 
 
Our sensitivity study  is performed through altering the parameter such as the initial depth 
location, the thickness, the varying number, differing distances of stringers and different 
basement configuration, strongly relevant to their deformations and breaks. In the shallow 
part of the salt where the location is close to the top surface, the stringers are easily broken 
by tensile fractures. In the deep part where the location is close to the basement, the 
stringer fragments move apart without further breaks. For the thickness less than 40m, the 
stringers are mainly broken under the laterally diverging flow patterns in the salt because 
the small cross section can not support the tensile stress of the stringer. While the 
thickness more than 100m, the stringers shows more shortening, bending, causing the 
breaks. Thin stringer has large number of breaks because of its lowest thickness. From the 
results of multiple stringers, top stringer breaks early and makes a protection for the 
bottom part. The configuration of the basement influences directly on the fracture and 
movement of the stringers because the salt flow are restricted to the boundary.  
 
7.6 Conclusion 
 
We presented the results of the parameter sensitivity study of the dynamics of brittle 
inclusions in salt during downbuilding. The models is an effective method to simulate 
complex stringer motion and deformation, including brittle fracturing and disruption. 
 
Through the sensitivity study, we can conclude that among all the parameters the initial 
depth of stringer (salt layer between stringer and top salt surface) is the strongest factor 
affecting the stringer break and deformation. The displacement of the top surface at the 
first break in deep model is around 10 times than the displacement in shallow model.  
There is no second break when because of the stringer with deep depth to the surface. The 
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frequency of the break and the size of stringer fragments are also relevant to the proximity 
to the basement. The thickness of stringer is the secondary factor making effects on the 
numbers of breaks and surface displacements at breaks The thick stinger spends three 
times longer time for the first break than the thin stringer. In the multi-stringer models 
such as two or three stringers, it is due to the distance between the stringers related to the 
depth of top stringer that impacts the break timing during salt tectonic process. Finally, the 
stringers break and movement are also strongly influenced by the basement configuration. 
The step configuration causes first break and obvious rotation of stringer fragments.  
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Appendix 1: 
Mesh sensitivity test 
 
In the numerical modeling of brittle stringer deformation in salt tectonics, we have 
developed remeshing and iterative scheme for stringer breaking (introduced in Chapter 2). 
In our research, we have evaluated the method through mesh sensitivity test. Two 
important problems affecting on the numerical result are tested using the standard 
(baseline) model, including the number of remeshing steps and the gap width between the 
stringer in iterative scheme for stringer break-up. Because the two factors have direct 
relation with the accuracy of  model results. 
The number of re-meshing steps  
 
As is introduced in Chapter 2, the remeshing technique is used in the work. When large 
deformation of the salt occurs or the boundary of stringer moves with large displacement, 
the mesh can be distorted and remeshing techniques are required. However, an 
interpolation error can not be avoided when the field variables is mapped from old mesh to 
new mesh or locations. How many influences on the model results due to the error 
evaluated thorough comparisons between one and two remeshing steps.  
Remesh test I 
 
 
 
Figure 1 
Remeshing test I. We run the model twice after 
1st break, one is with singe re-meshing step and 
the other is with 2 re-meshing steps between the 
first and the second stringer break. 
Chapter 7- Appendix 
 
166 
 
The model is run after 1st breakthrough one and two remehsing steps, respectively. Figure 
1 shows there is no change in location of both breaks but the surface deformation of salt at 
the second break is slightly different. 
Remesh test II 
  
 
The model is run after 2nd break occurs through one and two remeshing steps, respectively. 
Figure 2 shows there is no change in location of both breaks but the surface deformation 
of salt at the third break is slightly different. 
 
Remeshing comparison 
 
Through the comparison of the surface deformations and locations of breaks between 
different numbers of remeshing steps, we can see that the location of the break is not 
effected, however the surface deformation at breaks is a little bit larger or the timing at 
breaks is slightly delayed if higher number of remeshing steps is used, because it takes a 
short time for a slight smoothing of the stress field at each remeshing step due to the 
interpolation after the mapping of field variables from old to new mesh. In conclusion, the 
number of remeshing steps has no influences on the location of breaks but slight 
difference on the surface deformation at breaks. Although higher numbers of remeshing 
 
Figure 2 
Remeshing test II. We run the model twice 
after 2nd break, one is with singe re-meshing 
step and the other is with 2 re-meshing steps 
between the second and the third stringer 
break. 
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steps results in an intermittent reduction of stress concentrations, the stress fields is not 
impacted in long-term evolution. 
Table 1: Remeshing comparison on the location and time of 2nd or 3rd break (Break locations relative to the 
location of 1st break) 
Number of re-meshing steps 1 2 
Location of  2nd break -1220m -1220m 
Time of 2nd  break 
(Surface deformation) 
125m 175m 
Location of 3rd  break 2140m 2140m 
Time of 3rd  break 
(Surface deformation) 
150m 200m 
 
Gap width 
 
Iterative scheme for stringer breaking (also improved iterative scheme) introduced in 
Chapter 2 is the main approach on the modeling of brittle fracture of the stringer. The 
timing and location of the subsequent break is dependent on the value of the gap width.  In 
this part, the model is run from the identical initial condition to the first break occurrence. 
When the failure strength is exceeded, four different values for width of the resulting salt-
filled gap are applied, 50m, 150m, 300m and 450m. The influences of different values can 
be observed. 
 
 
Figure 3a   
The model has been run from identical initial 
condition using the width of the resulting salt-filled 
gap in the stringer, 50m. 
 Gap: 50m 
2nd  break 1st  break 
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Figure 3b   
The model has been run from identical initial 
condition using the width of the resulting salt-filled 
gap in the stringer, 150m. 
 
 
Figure 3c   
The model has been run from identical initial 
condition using the width of the resulting salt-filled 
gap in the stringer, 300m. 
 
 
Figure 3d  
The model has been run from identical initial 
condition using the width of the resulting salt-filled 
gap in the stringer, 450m. 
 
 
Through the comparison of the surface deformations and locations of breaks between 
different widths of salt-filled gap produced in the iterative scheme, we can see that there is 
no change on the relative location, however the surface deformation at breaks is delayed 
by a small amount with a larger value of width. 
 
Conclusions: 
 
Two main conclusions are reached by the test on the number of remeshing steps and the 
value of gap widths. On one hand, there is no change on the location of stringer breaks. On 
the other hand, the surface deformation (or the timing of subsequent stringer breaking 
events) is slightly influenced. 
 
 
Gap: 150m 
2nd  break 1st  break 
Gap: 300m 
2nd  break 1st  break 
Gap: 450m 
2nd  break 1st  break 
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Table 2: Remeshing comparison on the location and time of 2nd or 3rd break (Break locations relative to the 
location of 2nd break) 
Break width 50m 150m 300m 450m 
Location of  
2nd break 
-900 -900 -900 -900 
Relative Timing of  
2nd break 
(Surface deformation) 
80m 100m 110m 120m 
Location of the 2nd break is given relative to the 1st break 
 
Appendix 2 
 
One complex application model (two pods and Ara 2c and 3c included) 
 
Model and Methods 
 
Apart from the sensitivity study, we also use the numerical method to establish a complex 
application model from seismic data. This application model is chosen from the real and 
complex seismic data of Ara area. The geometry and salt surface deformation data are 
applied from PDO Exploration and the geometry is simplified by Stephan Becker and Lars 
Reuning, two colleagues of Geological Institute. In this model, two phases of salt tectonics 
results in the total surface deformation. In the southern part and along the NW edge of the 
study area is located the first generation pods while in the NE part of the study area are 
located the second generation pods. The deformation data of each phase of tectonics are 
used to define the surface displacement in the Abaqus(tm) models. 
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The geometry of the model and top surface deformation is shown in the Figure 5. The top 
stringer (A3C) is 80m thick and 5000m long and the bottom stringer (A2C) is 80m thick 
and 10000m long, paralleling to sloping basement. The model with SE-dipping basement 
has a width of 32 km. The salt initially has a thickness up to 3000 m and thins towards the 
SE (600 m). The top carbonate stringer with a length of 5 km and a height of 80 m is 
located 500 m above the basement. The bottom carbonate stringer with a length of 10 km 
and a height of 80 m is located 300 m above the basement. In this complex model, the 
maximum amplitude of the surface deformation shape is more than 1000m. We start with 
a series of sinusoidal shape of top salt, increasing in amplitude over time. 
 
Results 
 
Figure 5 shows the model evolution and the sequence of breaks in the two stringers. The 
deformation and fragments moving apart is dominated by the first generation pod because 
of large surface deformation in the central part of study area. The second generation pod 
reorganizes the deformation of the stringers in the right part. An impressive observation, 
which brings the complexity for seismic interpretation, is that when large amplitude (more 
than 1000m) of the salt surface deformation occurs, the fragments from A3C stringer can 
move into A2C stringer. 
 
Figure 4:  The complex model geometries of Ara areas, blue column represents the stringers. Yellow 
line is the boundary of study area. Brown straight line represents the bottom boundary of salt. The 
curved line represents the top salt surface deformation due to two pods (Becker, S. & Reuning, L.). 
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Conclusions 
 
In the complex application model with two sedimentary pods, one fragment of Ara 3c 
stringer finally moves into the location near Ara 2c stringer. This result provide an 
important information that the fragments from different stringers can move into one 
straight line which cause a wrong interpretation of seismic data due to complex and large 
surface deformation. 
Figure 5 
The evolution of the model with two 
pods, A2C and A3C fragments 
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8. Chapter 8: A sensitivity study on the numerical model of 
displacement and deformation of embedded brittle rock bodies 
during salt tectonics (The compressive case study from SOSB) 
 
 
8.1 Introduction 
 
In the numerical research on the extension case study about stringer deformation and 
displacement in down-built diapirs, the models suggest that stringers may deform with 
extension leading to boudinage and fracturing, while shortening results in folding and 
thrusting of stringers. In this chapter, we make numerical model for the compression case 
which means the brittle stringer deformation in a compressive environment. The main 
purpose of this research is to investigate the deformation patterns of a brittle carbonate 
stringer embedded in a ductile deforming salt body for the case of a stringer located in a 
compressive environment. When two sediment pods have the down-building process on 
the top surface of salt, a horizontally compressive environment is generated in the central 
part where the stringer is located. We can restrict the computational domain (gray area in 
drawing in Figure 1) to the area between the centers of the pods due to the assumed 
symmetry of the individual sediment pods.  
 
In this chapter, we reported the results of the behavior of brittle stringer in a compressive 
environment through a numerical sensitivity study. This study is performed to evaluate 
how different aspects of model geometry make influence on the evolving deformation 
patterns (break time and frequency, structure) of the brittle stringers. We used the finite 
element method (FEM) to model the deformation and breaking of brittle layers embedded 
in ductile, deforming salt bodies. We establish the standard model to verify the validity of  
the modeling techniques. Then the influence of the position and size parameters of the 
stringer are investigated. Meanwhile, the situation of multiple stringers and basement 
configuration (slop and step) is taken into consideration. 
 
8.2 Methods and Models 
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8.2.1 Geomechanical modelling of salt tectonics  
 
The situation for the case of a stringer located in a compressive environment occurs when 
the stringer is embedded in an area between two down-building pods. The stringer is 
surrounded in a horizontally compressive environment due to the salt flow induced by the 
two pods.  
 
 
 
We establish an assumed symmetry model (Figure 1) with two sediment pods and we 
restrict the computational domain to the area between the centers of the pods. As is in 
Chapter 6, the down-building is not modeled directly but a deformation is imposed on the 
top salt surface instead. 
 
As explained in Chapter 6, in this study we used the commercial finite element modelling 
package ABAQUS for our modelling, incorporating power law creep, elastoplastic 
rheologies and adaptive remeshing techniques. As explained in Chapter 2, in this study we 
used improved iterative scheme to model frequent stringer breaking.  
 
8.2.2 A series groups of models setup 
 
The geometry of base model is the same as the one in Chapter 6. The model with SW-
dipping basement has a width of 18 km. The salt initially has a thickness up to 1600 m and 
thins towards the NE (600 m). The carbonate stringer with a length of 12 km and a height 
of 80 m is located 360 m above the basement (Table 1). The passive downbuilding of two 
Haima pods are on the two sides of the model and volume of salt remains constant during 
deformation. In this simple model, we start with a sinusoidal shape of top salt, increasing 
in amplitude over time, however, there is a horizontally compressive environment in the 
Fig. 1  Conceptual Model Geometry 
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central part in the model. 
 
In this simple model, we start with a sinusoidal shape of top salt and increase amplitude to 
300m over time. The time duration of the deformation is 3.8Ma. Table 1 shows the 
geometrical and material properties of salt and stringer. The details of the model 
geometries used in this study are supplied by PDO. Table 1 lists a number of key 
properties of the model. Table 2, 3, 4 and 5 show the lists of various parameters in the 
following models. An important tool to validate the models is to compare the calculated 
differential stress with results of subgrain size piezometry using core samples of SOSB 
Ara salt samples (Schoenherr et al, 2007a).  
 
Table 1: boundary conditions, input parameter  
Parameter Value 
Width of salt body (W) 18000m 
Height of salt body (H) 1600m 
Stringer thickness (h) 80m 
Stringer length (l) 12000m 
Salt density 2040kg/m3 
Stinger density 2600kg/m3 
Salt rheology A=1.04×10 -14MPa-5s-1, n=5 
Salt temperature 50°C 
Stringer elastic properties E=30Gpa, υ=0.3, c=35MPa, T=25MPa 
Basement elastic properties E=50Gpa, υ=0.4 
Basement density 2600kg/m3 
Calculation time 3.8 Ma 
As is introduced in Chapter 6, the rheology of salt is described by a power-law 
relationship between the differential stress and strain rate and the power law exponent 
n=5. For the mechanical properties of the stringers, we take a conservative approach and 
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assume that the large scale fracture strength is close to that of an undamaged carbonate 
rock. We therefore choose a Mohr-Coulomb fracture criterion with a cohesion of 35MPa, 
a tensile strength of 25MPa and a friction angle of 30 degrees and the elastic properties E 
= 30 GPa and a Poisson ratio of υ = 0.4.  
 
In this model, a new problem needs to be taken into consideration that the possibility of 
shear failure occurs in the compressive environment. In this situation, there are two 
possibilities of shear failure orientations and different choices of the failure planes can 
influence the subsequent breaks and the final deformation patterns. In this chapter, some 
models are calculated with both two possibilities in order to test the difference of 
deformation in detail. The iterative scheme is also applied to the simulation including 
some procedures such as monitoring the shear stress exceeding the failure criterion, 
breaking the stringer and making a salt-filled break instead of carbonate material. In the 
sensitivity study, 4 groups of models varying different geometrical properties: 
 
1) Group I is composed of two base models which varies the orientations of the stringer 
embedded in salt body. Here the influence of different choice of fracture plane is evaluated.   
2) Group II is composed of three models which vary the depths of the stringer within the 
salt body.  
3) Group III is composed of six models, each of which contains a fixed bottom stringer 
and varies the length and location of the top stringer.  
4) Group IV is composed of six models, some of which contain 2 or 3 stringers above a 
slopping basement. In this group, the number of stringers and the thickness of the salt 
layer between them are varied in the models.  
 
Model Group I (standard model) 
 
In Model Group I (Figure 2.1 and 2.2), two simple model geometries are used. In Model 
1.1, the stringer is 80m thick and 12000m long, horizontally located in the model. In 
model 1.2, the stringer is 80m thick and 12000m long, paralleling to sloping basement. 
Model 1.1 and 1.2 shows two conjugate planes which are both optimally oriented with 
respect to shear failure separately.  
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Table 2: a list of various parameters in the following models (standard  model) 
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Height of salt at 
right side 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Group I Model 
1.1 
300m 80m 600m Slope(3.17 
deg) 
3.8Ma 
Group I Model 
1.2 
300m 80m 600m Slope (3.17  
deg) 
3.8Ma 
 
 
 
 
Fig. 2.1.1 
 
Simplified standard model set-up 
in Model Group I (stringer 
paralleling to the basement) 
 
 
Fig. 2.1.2 
 
In  Model 1.1, the stringer is 
located horizontally in the 
model. 
 
 
 
 
Fig. 2.2.1 
 
Simplified standard model set-
up of  Model 1.2. 
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Fig. 2.2.2 
 
In  Model 1.2, the stringer is 
located, paralleling to the 
sloping basement. 
 
 
 
Model Group II 
 
Table 3: a list of various parameters in the following models  
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Height of salt at 
right side 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Group 
II 
Model 
2.1 
100m 80m 600m Slope (3.17  
deg) 
3.8Ma 
Group 
II 
Model 
2.2 
500m 80m 600m Slope (3.17  
deg) 
3.8Ma 
Group 
II 
Model 
2.3 
300m 80m 1100m Slope (1.59  
deg) 
3.8Ma 
 
 
In this model group (Figure 3.1 and 3.2) , we change depth of stringer (the distance 
between the stringer and basement) and also the dip of the basement. In the first three 
models, we choose the same dip of the basement ~3.17 degrees, and differ the initial depth 
position of the stringer from 100m to 500m. In the last model we choose the dip of the 
basement ~1.59 degrees. The stringer is always 12000m long and located in the center of 
the model, horizontally orienting to the sloping basement. 
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Fig. 3.1  
 
Simplified  model set-up in 
Model Group II 
 
 
                                                                                              Model 2.1 
 
                                                                                              Model 2.2 
 
                                                                                             Model 2.3 
Fig. 3.2 
 
In  Model Group II, the stringer is 
located horizontally in  deep,  
shallow position and  in the 
model with the other dip of 
basement(~1.59 degrees) 
 
 
 
Model Group III 
 
In Model Group III (Figure 4.1 and 4.2), the basement configuration contains a 500m high 
step in the center of the model. The stringers are located horizontally in the model. In 
Model 3.1, there is only one stringer located 500m above the right part basement. In the 
other models with 2 stringers, the bottom stringer is located 200m above the right part of 
the stringer. In Model 3.2, the length of top stringer is 3000m and located at right 
alignment. In Model 3.3, the length of top stringer is 6000m and located at right alignment. 
In Model 3.4, the length of top stringer is 9000m and located at right alignment. In model 
3.5, the length of top stringer is 3000m and located in the center-right side of the model. In 
model 3.6, the length of top stringer is 6000m and located in the center part of the model. 
In each model, the bottom stringer is 12000m long and located in the center of the model. 
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Table 4: a list of various parameters in the following models  
Group 
number 
Model 
number 
D1 D2 L2 X2 
Group 
III 
Model 
3.1 
500m    
Group 
III 
Model 
3.2 
200m 200m 3000m 0m 
Group 
III 
Model 
3.3 
200m 200m 6000m 0m 
Group 
III 
Model 
3.4 
200m 200m 9000m 0m 
Group 
III 
Model 
3.5 
200m 200m 3000m 3000m 
Group 
III 
Model 
3.6 
200m 200m 6000m 3000m 
 
 
 
Fig. 4.1  
 
Simplified  model set-up in 
Model Group III 
 
 
 
 
                                                 
                                                     
                                                                                      Model 3.1 
Fig. 4.2 
 
In  Model Group III, the top 
stringer is located at right 
alignment ,central-right side  and  
central part of  the model. The 
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                                                                                              Model 3.2 
 
 
                                                                                              Model 3.3 
 
                                                                                              Model 3.4 
 
                                                                                            Model 3.5 
 
                                                                                            Model 3.6 
length of top stringer ranges from 
3000 to 9000m. The basement 
has stepped configuration in the 
center of the model. 
 
 
Model Group IV 
 
In Model Group IV (Figure 5.1 and 5.2), the stringer is 80m thick and 12000m long, 
paralleling to horizontal direction. Here we vary the number and the location of the 
stringers. In Model 4.1, the stringer is located very close to the basement. Model 4.2 is the 
same as the standard model (Model 1b). Model 4.3 and 4.4 contain two stringers with 
different distance to the basement (50m or 100m) and between each other (100m or 
200m). Model 4.5 and Model 4.6 contain three stringers with different distance to the 
basement (100m or 150m) and between each other (50m or 100m).The stringer is always 
12000m long and located in the center of the model, paralleling to the sloping basement. 
Table 5: a list of various parameters in the following models  
Group 
number 
Model 
number 
Nr. of 
Stringers 
T1 T2 D 
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Group 
IV 
Model 
4.1 
1 100m  80m 
Group 
IV 
Model 
4.2 
1 300m  80m 
Group 
IV 
Model 
4.3 
2 100m 50m 80m 
Group 
IV 
Model 
4.4 
2 200m 100m 80m 
Group 
IV 
Model 
4.5 
3 100m 50m 80m 
Group 
IV 
Model 
4.6 
3 150m 100m 80m 
 
 
 
Fig. 5.1  
 
Simplified  model set-up in Model 
Group IV 
 
                                                               
                                  
                                                                                              Model 4.1 
 
                                                                                    Model 4.2 
 
                                                                                             Model 4.3 
Fig. 5.2 
 
In  Model Group IV, the stringer is 
located in deep and base position. 
The two stringers in the model 
have various distances between 
each other and between the bottom 
stringer and basement. 
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                                                                                            Model 4.4 
 
                                                                                            Model 4.5 
 
                                                                                    Model 4.6 
 
8.3 Results 
 
8.3.1 Model Group I 
 
In this group, we observe that the orientation of the initial shear failure plane has a big 
impact on the final structures (location of stringer fragments). Moreover, the stringer 
position in salt (parallelly or horizontally oriented to the basement) leads to different 
timing and number of the breaks in the stringer. 
 
Figure 6 and 7 show the deformation and the sequences of breaks in the stringer 
horizontally located in the compressive environment between downgoing sediment pods. 
Figure 6 shows the initial (shear) failure plane which dips to the right. In this situation, 
after the initial shear failure bending breaks subsequently occurs in both fragments. The 
first bending break is caused in left (down) stringer due to large deformation of the left 
(down) fragment. Figure 7 shows the initial shear failure plane which dips to the left. In 
this situation, after the initial shear failure bending break only occurs in the right (down) 
stringer fragment. 
 
The observation in Figure 7 demonstrates that the left stringer does not develop a second 
bending break during the deformation applied to the model. Different choice of the 
orientation of initial shear failure plane results different stringer break frequency. 
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Figure 8 and 9 show the deformation and the sequences of breaks in the stringer parallel to 
the basement  in the compressive environment between downgoing sediment pods.  Figure 
8 shows the initial (shear) failure plane which dips to the right. In this situation, after the 
initial shear failure only bending breaks is shown in the right (up-going) stringer fragment. 
The down-going stringer fragment is bent to a significant degree because of not enough 
space underlying the stringer. Figure 9 shows the initial (shear) failure plane which dips to 
the left. In this situation, after the initial shear failure both subsequent bending breaks are 
shown in the two stringer fragments. The earlier break in the left (up-going) stringer 
fragment can be visible than the one in the right (down-going) fragment. 
 
The observation in Figure 8 that the left (down-going) stringer does not develop a second 
bending break during the deformation applied to the model due to lack of space and 
constrain of the basement when the stringer is parallel located to the basement. Different 
dip of the stringer results in different breaks frequency and final structure. 
Fig. 6  The evolution of Model 1a (the initial shear 
failure plane dips to the right) and  the location of  
sequences of breaks. The displacements of the mid 
node on the initial top salt for each step are 14m, 
140m, 203m and 300m. 
Fig. 7  The evolution of Model 1a (the initial shear 
failure plane dips to the left) and  the location of  
sequences of breaks. The displacements of the mid 
node on the initial top salt for each step are 14m, 
140m, 230m and 300m. 
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8.3.2 Model Group II 
 
In the second group of models, we observe a variation of stringer position and the dip of 
the basement which influences the salt thickness distribution. The data show that distance 
between stringer and basement leads to different  first break timing  and stringer break 
number. 
 
Figure 10 and 11 show the deformation and the sequences of breaks in the stringer 
horizontally located in the compressive environment between downgoing sediment pods.  
Figure 10 shows the stringer is close to the basement and the initial (shear) failure plane 
dips to the right. In this situation, after the initial shear failure both of bending breaks is 
shown subsequently on both two fragment. Figure 11 shows that the stringer is close to the 
top salt surface and the initial (shear) failure occurs in the central part of the stringer. In 
this situation, all subsequent bending breaks are demonstrated in the left (down-going) 
stringer basement. 
 
The observation in Figure 11 that the right (up-going) stringer does not develop bending 
Fig. 8  The evolution of Model 1b and  the location 
of  sequences of breaks (the initial shear failure 
plane dips to the right) . The displacements of the 
mid node on the initial top salt for each step are 
16m, 66m, 170m and 300m. 
Fig. 9  The evolution of Model 1b and  the location 
of  sequences of breaks (the initial shear failure 
plane dips to the left) . The displacements of the 
mid node on the initial top salt for each step are 
16m, 90m, 200m and 300m. 
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break during the deformation applied to the model because of the small space and prevent 
of the top salt surface. Different  stringer  position (the distance between the stringer and 
basement) results in different breaks frequency and final structure. In principle, the first 
break time will decrease when the stringer moves away from the basement. However, 
when the stringer is quite close to the top surface, large curvature of stringer is caused 
together with the top surface and the first break time will extend. For instance, when the 
stringer is quite close to the top surface, the displacement of mid node is 53m (longer than 
23m when the stringer is located in shallow position)  at initial break.  
 
  
 
 
 
 
 
Figure 12 shows a smaller dip of  basement with the slop 1.59 degrees.  We can see that 
only the initial (shear) break occurs without bending breaks. This is due to the large space 
between stringer and basement surface leading to smaller curvature and less bending stress 
since the smaller dip of basement is used. 
 
Fig. 10  The evolution of Model 2.1 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 23m, 83m, 180m and 300m. 
Fig. 11  The evolution of Model 2.2 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 23m, 83m, 180m and 300m. 
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8.3.3 Model Group III 
 
Here we choose the shear plane dipping to the right and results are shown below. Figure 
13, 14, 15, 16, 17 and 18 show the deformation and the sequences of breaks in the stringer 
horizontally located in the compressive environment between downgoing sediment pods. 
Figure 13 shows the single stringer in the model with the step basement and the initial 
(shear) failure plane dips to the right. In this situation, the initial beak occurs above 
shallow part of the basement and the second (bending) break is caused in the left (down) 
stringer fragment. There is no bending break in the right (up) stringer fragment because of 
larger space and smaller curvature compared to the base model with slop basement 
configuration. 
 
Figure 14 shows two stringers in the model and the initial break occurs  in the center of the 
bottom stringer. Further bending breaks occurs in the right (up) stringer fragment. Due to 
the constraint of the right (high) part basement, there is no bending break in the left 
(down) stringer fragment. We observe no break in the top stringer because of the short 
length. The bottom stringer does not appear to be influenced by the top stringer. 
 
Fig. 12 
The evolution of Model 2.3 and the location of 
sequences of breaks (the initial shear failure 
plane dips to the right). The displacements of the 
mid node on the initial top salt for each step are 
140m, 180m, 240m and 300m. 
Chapter 8 
 
187 
 
  
 
 
 
 
 
  
 
 
 
 
 
Figure 15 shows two stringers (top stringer 1/2 times longer than bottom one) and the 
initial shear break occurs  in the centers of the bottom stringer. Further bending breaks 
occur in the right (up) stringer fragments. The top stringer has only bending break because 
Fig. 13  The evolution of Model 3.1 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 21m, 95m, 180m and 300m. 
Fig. 14  The evolution of Model 3.2 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 71m, 130m, 180m and 300m. 
Fig. 15  The evolution of Model 3.3 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 65m, 140m, 200m and 300m. 
Fig. 16  The evolution of Model 3.4 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 40m, 90m, 195m and 300m. 
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it is 1/2 times longer than bottom one and it is located in the right side of salt. Figure 16 
shows two stringers (top stringer 3/4 times longer than bottom one) horizontally located. 
In this model, multiple fractures and complex final situation are observed.  Two initial 
shear breaks occurs almost at same time. Top stringer has higher number of breaks than 
the bottom due to its closer position to the top salt surface. There are horizontal offset 
between shear breaks. No bending break is demonstrated in the left (down) bottom stringer 
fragment  because the constraint of the high step basement on the its deformation. Some 
stringer fragment has large rotation because in the center of the model the top surface 
deformation causes strong compression.  
 
  
 
 
 
 
 
Figure 17 shows the sequence deformation of the two stringers (top one 1/4 times length 
of the bottom one and locate in the right side close to central part). We can see that initial 
shear break only occurs in the bottom stringer. No further breaks in left fragment of 
bottom stringer due to the deformation barrier from the high step basement configuration. 
There is no shear break but bending break due to the length and position of the top 
stringer. Figure 18 shows the sequence deformation of the two stringer (intermediate 
length top stringer 6000m and top stringer offset -3000m). We can see that initial shear 
break occurs only in bottom (long) stringer. There are only bending break in the top 
Fig. 17  The evolution of Model 3.5 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right). The displacements 
of the mid node on the initial top salt for each step 
are 80m, 130m, 206m and 300m. 
Fig. 18  The evolution of Model 3.6 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right). The displacements 
of the mid node on the initial top salt for each step 
are 50m, 105m, 195m and 300m. 
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(short) stringer because of the length and position of the top stringer. Big curvature of the 
top stringer is caused due to strong compressive environment. Here early breaks occurs in 
the bottom due to the compression and later breaks in the top stringer. The model leads to 
the multiple breaks in both stringers and complex final structure. The first three breaks of 
stringer including compressive and bending breaks occurs in the bottom stringer and then 
two bending breaks occurs in the top stringer. 
 
8.3.4 Model Group IV 
 
Figure 19, 20, 21, 22 ,23 and 24 show the deformation and the sequences of breaks in the 
stringer  parallel to the sloping basement and located in the compressive environment 
between downgoing sediment pods.  
 
  
 
 
 
 
 
 
Figure 19 shows the single stringer in the model with the step basement and the initial 
(shear) failure plane dips to the right. In this situation, the stringer is located very deeply in 
the salt basin. The initial shear failure happens relatively late when the surface 
displacement is around 240m. The only break located in the far right part of the model is 
Fig. 19  The evolution of Model 4.1 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 100m, 185m, 240m and 300m. 
Fig. 20  The evolution of Model 4.2 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 16m, 66m, 170m and 300m. 
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caused by the large distance between the stringer and the deforming top salt surface in the 
center of the model. Figure 20 shows the same result as Figure 8 because it is one of the 
standard models.  
 
Figure 21 shows the deformation and break process of two stringers close to each other. In 
this model, the initial shear failures are to the right of the center of  the model. The first 
initial compressive failure occurs in the top stringer. Subsequent breaks are shown in both 
stringers and short fragments are caused with the subsequent bending behavior of the 
fragments. Figure 22 also shows the complex final structure with shear and bending breaks 
in both stringers. Short fragments are caused by the bending and tensile stress. More 
bending breaks occurs in the top stringer due to the close location to the top salt surface. 
We can clearly observe that the location of the initial break can move towards the center 
of the model with decreasing depth of the top stringer.  
 
  
 
 
 
 
 
Figure 23 shows the complex final structure of multiple  breaks and deformation of three 
stringers. It is seen that the initial break occurs in the top stringer and more bending 
fractures occurs in right (up-going) fragments. Small fragment distribution is shown due to 
the same reason as Model 4.3 (Fig. 21). Figure 24 demonstrates the process of the multiple 
Fig. 21  The evolution of Model 4.3 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 80m, 105m, 205m and 300m. 
Fig. 22  The evolution of Model 4.4 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 25m, 105m, 215m and 300m. 
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breaks and deformation of the three stringers. More and earlier bending break occurring in 
top stringer can be seen due to the close distance to the top salt surface. Bending breaks 
only occurs in right (up-going) fragments. 
 
  
 
 
 
 
 
In addition to the models we chose, only orientation of the failure plane, i.e. dipping to the 
right, for Model 4.4 we also choose the other possible shear plane with both of results are 
shown below.  
 
Figure 25 shows the deformation and the sequences of breaks in the stringers. The initial 
(shear) failure plane on the top stringer dips to the right and the initial (shear) failure plane 
on the bottom stringer dips to the left. The initial shear failure occurs on the top stringer 
and then the second shear failure occurs on the bottom stringer. The deformation and 
movement of stringers are complex. The left fragment of the bottom stringer moves across 
the subsequence breaks of the top stringer.  The top fragment has further break because of 
the location close to the top surface. Bending breaks occurs on both sides of the fragments.  
 
Figure 26 shows the deformation and the sequences of breaks in the stringers. The initial 
Fig. 23  The evolution of Model 4.5 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 50m, 140m, 230m and 300m. 
Fig. 24  The evolution of Model 4.6 and  the 
location of  sequences of breaks (the initial shear 
failure plane dips to the right) . The displacements 
of the mid node on the initial top salt for each step 
are 20m, 110m, 220m and 300m. 
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(shear) failure plane on the top stringer dips to the left and the initial (shear) failure plane 
on the bottom stringer dips to the right. The right fragment of the bottom stringer moves 
across the subsequence break of the top stringer.  Bending breaks occur on both sides of 
the fragments.  
 
  
 
 
 
 
8.4 Discussion 
 
In this chapter, we discussed how the different aspects of geometry  influence on the 
fracture pattern (the break timing, number and location of stringer fragments) of stringers 
in a compressive environment. Different from the research done by Chemia et al.(2008) 
(2009), Chemia & Koyi (2008), Koyi (2001), Burchardt et al. (2011), the carbonate or 
anhydrite stringer in our models and sensitivity study is regarded as brittle material 
following a Mohr-Coulomb failure criterion rather than viscous material with higher 
viscosity than salt. During the evolution of the salt diapir, the brittle stringer can 
experience shear fracture, large bending curvature and bending break while the viscous 
stringer shows strong folding in compressive environment (discussed in Chapter 10). 
 
In the sensitivity study of embedded rock bodies in compressive environment, the stringer 
Fig. 25  The evolution of Model 4.4 and  the 
location of  sequences of breaks (the initial shear 
failure plane of the top stringer dips to the right 
and the bottom stringer dips to the left). The 
displacements of the mid node on the initial top 
salt for each step are 25m, 80m, 185m and 300m. 
Fig. 26  The evolution of Model 4.4 and  the 
location of  sequences of breaks (the initial shear 
failure plane of the top stringer dips to the left and 
the bottom stringer dips to the right). The 
displacements of the mid node on the initial top 
salt for each step are 20m, 70m, 170m and 300m. 
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is broken due to the compressive deformation and the Mohr-Coulomb failure occurs. The 
shear failure plane can dip to both left and right sides. The choice of each orientation of 
initial break will result in not only the direction of the subsequent thrust but also the 
location and number of later fracture events and  totally different final deformation 
structure. Apart from the single stringer model (Fig. 1-4), Model 4.4 (Fig. 17) also shows 
when we choose various orientations in of shear failure plane in the top and bottom 
stringer, the final deformation patterns are totally different. In Model Group I (Fig. 1-4) 
and II (Fig.5-7), only one shear failure is shown with subsequent bending breaks. The 
comparison between the stringer horizontal in the model and parallel to the basement 
shows that more bending breaks occurs in the horizontal stringer because of the location 
close to the top surface. From the results of the multiple stringers in Model Group III and 
IV, we can see a very complex distribution of stringer fragments. Top stringer has large 
number of breaks because its location closes to the top surface. However, there is no shear 
failure when its length is small. The stepped basement can prevent subsequent break of 
bottom stringers but cause strong bending (folding) above the lower basement part. A 
stringer fragment is thrust in-between the top stringer and the bottom stringer. Another 
situation is that all stringers on one side are thrust over or under all stringers on the other 
side.  
 
8.5 Conclusion 
 
We presented the results of the parameter sensitivity study of the dynamics of brittle 
inclusions in deforming salt body - compressive environment during downbuilding. The 
models offer a practical method to explore complex stringer motion and deformation, 
including brittle fracturing and disruption.  
 
In the sensitivity study, we can firstly conclude that the orientation of the possible shear 
failure planes determine the final complex deformation patterns because it dominates not 
only the subsequent deformation but also the number and timing of subsequent fractures 
especially for the non-symmetric model geometry. Moreover, among the different 
geometry aspects the initial depth of stringer (salt layer between stringer and top salt 
surface) strongly affecting the first break time. The stringer has brittle breakup due to the 
shear failure in relative early time (14m displacement of mid node on initial top surface at 
the earliest shear failure). For the model of multiple stringers, top stringer does break first. 
Chapter 8 
 
194 
 
However, for single stringer model there is no clear dependence of the fracturing time on 
the stringer location. For instance, the stringer deformation can be dominated by surface 
curvature when it is rather close to the top surface. Furthermore, the frequency of the 
break and the size of stringer fragments are also relevant to the location of stringer 
(parallel or horizontally located to the basement). High frequency of breaks occurs when 
the stringer is horizontally located to the basement. Finally, the distance between the 
multiple stringers, the length and horizontal location of top stringer and the stepped 
basement configuration can lead to significantly more complex deformation patterns in 
compressive environment compared than in extensive environment. 
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9. Chapter 9: A sensitivity study on the numerical model of 
displacement and deformation of embedded viscous rock bodies 
during salt tectonics (The extension case study from SOSB) 
 
 
9.1 Introduction 
 
In the past chapters (Chap.6-8), we established numerical models of displacement and 
deformation of brittle stringers embedded in downbuilding salt using the case study from 
South Oman Salt Basin. Through finite element models we researched brittle fracture and 
bending of stringers due to salt surface deformation. Results suggest that stringers can 
break very early during salt tectonics. On one hand, extension environment results in 
boudinage and fracturing. On the other hand, compressive environment results in bending 
and thrusting of stringers.  
 
However, in nature the carbonate/anhydrite inclusions (stringers) have not only brittle but 
also viscous/ductile properties. The viscous deformation of stringers play an important 
role on the internal structure of  salt dome (Chemia et al., 2009; Van Gent et al., 2011; 
Burchardt et al., 2011; Strozyk et al., 2012). In this chapter, we consider  the ductile 
deformation of stringers in the extension environment. The purpose of this work is to 
evaluate how the stringers would deform inside the deforming salt body in case of a 
ductile rather than a brittle rheology. The model setup including geometries and imposed 
deformation patterns of the top salt surface are used as in Chapter 6 (brittle stringer 
deformation in extension models).  
 
In this research, we reported the results of the behaviour of viscous stringer in extension 
environments through a series of groups. For each model geometry both possible salt 
rheologies, i.e. Newtonian (n=1) and Power-law (n=5), and three different values for the 
viscosity contrast between salt and stringer (1:10, 1:100 and 1:1000) are used. We used the 
finite element method (FEM) to model the deformation and ductile behaviour of stringers. 
The 'baseline' model is established in order to test the validity of the modeling techniques. 
Different aspects of model geometry including multiple stringers are taken into 
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consideration in this chapter.  
 
9.2 Geological Setting  
Salt-tectonics in the study area 
The salt tectonic evolution of the study area was studied from seismic lines supplied by 
PDO Exploration. In Chapter 6, we introduced that the deposition of the Nimr Group on 
the mobile Ara substrate led to early downbuilding and the formation of first generation 
Nimr minibasins and to small salt pillows on the flanks around the pods and the end of the 
salt tectonics is indicated by the Ghudun layer with lateral constant thickness.  Ara-2 and 
Ara-3 stringers are located in the salt minibasins and with the downbulding process, they 
are surrounded in a horizontally extension environment due to the salt flow caused by the 
Haima pods.  
 
9.3 Methods and Models 
 
9.3.1 Geomechanical modelling of salt tectonics  
 
In order to model the stringer deformation in an extension environment, we define a 
symmetrical model with one sediment pod. In this study we used the commercial finite 
element modelling package ABAQUS for our modelling, incorporating power law creep, 
elastoplastic rheologies and adaptive remeshing techniques. A conceptual sketch at the 
model concept is shown in Figure 1. 
As described in Chapter 6, the model with SW-dipping basement has a width of 18 km. 
The dip angle is 3.28 degree. The salt initially has a thickness up to 1600 m and thins 
towards the NE to 600 m. The carbonate stringer with a length of 12 km and a thickness of 
80 m is located 360 m above the basement (Table 1). The passive downbuilding of the 
Haima pod is strongest in the centre of the model and the volume of salt remains constant 
during deformation, while the Haima pods accumulate and subside in the centre. In this 
simple model, we start with a sinusoidal shape of top salt and increase amplitude to 500m 
over time. The time duration of the deformation is 6.3Ma. Table 1 shows the geometrical 
and material properties of salt and stringer.  
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Figure 1 
 
Model concept of the stringer 
deformation in extensional 
environment. 
        
 
Table 1: boundary conditions, input parameter  
Parameter Value 
Width of salt body (W) 18000m 
Height of salt body (H) 1600m 
Stringer thickness (h) 80m 
Stringer length (l) 12000m 
Salt density 2040kg/m3 
Stinger density 2600kg/m3 
Salt rheology A=1.04× 10-14 MPa-5s-1, n=5 
 A=1.21× 10-13 MPa-1s-1, n=1 
Salt temperature 50°C 
Stringer elastic properties E=40Gpa, υ=0.4 
Stringer rheology A=1.04× 10-15 MPa-5s-1, n=5 
A=1.04× 10-16 MPa-5s-1, n=5 
A=1.04× 10-17 MPa-5s-1, n=5 
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 A=1.21× 10-14 MPa-1s-1, n=1 
A=1.21× 10-15 MPa-1s-1, n=1 
A=1.21× 10-16 MPa-1s-1, n=1 
Basement elastic properties E=50Gpa,υ=0.4 
Basement density 2600kg/m3 
Calculation time 6.3 Ma 
 
 
9.3.2 A series of groups of models setups 
 
This research is mainly devoted to the further investigation of the behavior of a viscous 
stringer in an extensional environment. The sensitivity study is mainly discussed about 
how the different aspects of the model geometry vary the deformation patterns of the 
ductile stringers. 
 
The rheology of salt is described by both Newtonian and power-law relationship between 
the differential stress and strain rate, the power law exponent is n=1 and n=5, respectively. 
Three different values for the viscosity contrast between salt and stringer (1:10, 1:100 and 
1:1000) are used. A sensitivity study is performed through a few groups with various 
aspects of model geometry. Here are the three model groups investigated in this chapter: 
 
1) Group I is composed of three models which only vary the location of the stringer. 
2) Group II is composed of three models which vary the thickness of the stringer. 
3) Group III is composed of four models which vary number of stringers and the thickness 
of salt layer between them. 
 
For each geometry, the viscous stringer deformation in the extensive models are 
calculated, using the two possible salt rheologies, i.e. Newtonian and Power-law, and 3 
different viscosity ratios between salt and stringer (1:10, 1:100 and 1:1000).  
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Table 2: a list of various parameters in the following models  
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Number(distance 
of stringers) 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Group I Model 
A 
100m 80m 1 str. Slope 6.3Ma 
Group I Model 
B 
360m 80m 1 str. Slope 6.3Ma 
Group I Model 
C 
500m 80m 1 str. Slope 6.3Ma 
Group 
II 
Model 
A 
360m 40m 1 str. Slope 6.3Ma 
Group 
II 
Model 
B 
360m 80m 1 str. Slope 6.3Ma 
Group 
II 
Model 
C 
360m 150m 1 str. Slope 6.3Ma 
Group 
III 
Model 
A 
200m 80m 2 str.(100m) Slope 6.3Ma 
Group 
III 
Model 
B 
200m 80m 2 str.(200m) Slope 6.3Ma 
Group 
III 
Model 
C 
200m 80m 2 str.(400m) Slope 6.3Ma 
 
 
Model Group I 
 
In Model Group I (Figure 2), the stringer is 80m thick and 12000m long, paralleling to 
sloping basement. Three different distances between stringer and basement variable are 
shown as 100m(A), 360m(B) and 500m(C), while they are named as Deep, Base and 
Shallow model separately. Model A (Deep model) indicates the deepest stringer location 
with 100m distance between bottom of the stringer and top of the basement. Model B 
(Base model) indicates the stringer at intermediate depth location with 360m distance 
between bottom of the stringer and top of the basement. Model C (Shallow model) 
indicates the stringer at shallow depth location with 500m distance between bottom of the 
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stringer and top of the basement. 
 
 
Figure 2    
 
In Model Group I, the stringer is 
located in deep, base and shallow 
position, separately. 
 
 
 
Model Group II 
 
In Model Group II (Figure 3), the stringer is 80m thick and 12000m long, paralleling to 
sloping basement. Three different stringer thickness are shown as 40m(A), 80m(B) and 
150m(C), named as Thin, Base and Thick model separately. Model A (Thin model) 
indicates the thinnest stringer with 40m thickness. Model B (Base model) indicates the 
intermediate stringer with 80m thickness. Model C (Thick model) indicates the thickest 
stringer with 150m thickness. 
 
 
Figure 3   
 
In Model Group II, the stringer has 
various thickness in thin, base and thick 
model. 
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Model Group III 
 
In this group, the models contain two stringers (Figure 4). The stringers are 80m thick and 
12000m long, oriented parallel to sloping basement. Two stringers with three different 
distances between each other are shown as 100m (A), 200m(B) and 400m(C), named as 2-
stringer-thin, 2-stringer-base and 2-stringer-thick model separately. Each model also 
shows 200m distance between bottom of the stringer and top of the basement. Model A (2-
stringer-thin model) contains  2 stringers closely spaced with 100m distance between 
stringers. Model B (Base model) contains 2 stringers closely spaced with 200m distance 
between stringers. Model C (Thick model) contains 2 stringers closely spaced with 400m 
distance between stringers.  
 
 
Figure 4  
 
In Model Group III, the number and the 
distribution of stringers are different, 
including 2-stringer-thin, 2-stringer-base, 
2-stringer-thick separately. 
 
 
9.4 Results 
 
9.4.1 Model Group I 
 
In this group, we observe that the viscosity contrast between stringer and salt has a big 
impact on the stress distribution and final structure. Moreover, the stringer position in salt 
(parallelly or horizontally oriented to the basement) leads to various folding at the end and 
internal structure.  
 
Figure 5a, 5b and 5c show the deep stringer model evolution in a Newtonian law rheology 
(n=1) at the viscosity ratio between salt and stringer 1:1000, 1:100 and 1:10, respectively. 
For the stringer in deep position, the results show it has relatively little deformation and 
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small scale folding at the ends. The deformation is dominated by the ductile stretching of 
the stringer in the central part. The salt layer between the stringer and basement is very 
thin and the geometry factor controls the stringer deformation. The maximum differential 
stress occurs in the central part around 10MPa, 6MPa and 2MPa, separately. Figure 6a, 6b 
and 6c show the stringer deforms in a power-law rheology (n=5) largely parallel to the top 
salt with some very minor small scale folding towards the ends of the stringer. Compared 
to the situation n=1, the peak differential stress in stringer is smaller and the value is 
5MPa, 3MPa and 2MPa. 
 
 
 
 
 
 
 
 
   Fig. 5a  The evolution of  the deep model (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 5b  The evolution of  the deep model (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 6a  The evolution of  the deep model (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 6b  The evolution of  the deep model (n=5) 
(viscosity ratio between salt and stringer  1:100) 
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Figure 7a, 7b and 7c show the base model evolution in a Newtonian law rheology at the 
viscosity ratio between salt and stringer 1:1000, 1:100 and 1:10, respectively. For the 
stringer at intermediated depth location, the results show the stringer has some folding on 
both left and right sides. The stringer has strong folding in the right side with the wave 
length 2610m at the ratio 1:1000, 1230m at the ratio 1:100 and 650m at the ratio 1:10  
which are compatible with that theoretically predicted using the Biot-Ramberg theory 
(Biot 1957,1961; Ramberg, 1963) . For a single viscous layer embedded in a weaker 
viscous matrix, a dominate wavelength of the fold is: 
3
06
2
η
ηπtL =
  
where L is the dominant wavelength, t is the thickness of the layer, η is the viscosity of the 
layer and η0 is the viscosity of the matrix. According to the theory, the theoretical 
wavelength is 2766m when the viscosity contrast between stringer and salt are 100 
(L=2πt(η/6η0)1/3=2×3.14×80×(1000/6)1/3=2766m). The theoretical wave length is 1283m 
when the viscosity contrast is 100 (L=2πt(η/6η0)1/3=2×3.14×80×(100/6)1/3=1283m). The 
theoretical wave length is 596m when the viscosity contrast is 10 (L=2πt(η/6η0)1/3=2×3.14 
×80×(10/6)1/3=596m). 
 
Figure 7a and 7b show obvious folding at both sides of stringers while Figure 7c shows 
minor folding. The peak differential stress occurs in the central part of stringer around 
70MPa, 8MPa and 2MPa at each ratio because of strong salt surface deformation. Similar 
to the case in the deep model, Figure 8a, 8b and 8c also show the stringer deforms in a 
   Fig. 5c The evolution of  the deep model (n=1) 
        
   Fig. 6c  The evolution of  the deep model (n=5) 
(viscosity ratio between salt and stringer  1:10) 
 
(1) 
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power-law rheology largely parallel to the top salt with some very minor small scale 
folding towards the ends of the stringer. The peak differential stress occurs in the central 
part of stringer around 10MPa, 6MPa and 2MPa at each ratio. 
 
 
 
 
 
 
 
 
 
 
 
Figure 9a, 9b and 9c show the shallow model evolution in a Newtonian law rheology at 
the viscosity ratio between salt and stringer 1:1000, 1:100 and 1:10, separately. The results 
   Fig. 7a  The evolution of  the base model (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 7b The evolution of  the base model (n=1)  
(viscosity ratio between salt and stringer  1:100) 
   Fig. 7c The evolution of  the base model (n=1)  
(viscosity ratio between salt and stringer  1:10) 
   Fig. 8a  The evolution of  the base model (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 8b  The evolution of  the base model (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 8c  The evolution of  the base model (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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show that in this situation where the stringer is in the shallow position the deformation is 
dominated not only by the ductile stretching of the stringer in the central part but also by 
the top surface displacement.  The folding with big wavelength can be observed in Figure 
5a. The peak differential stress occurs in the central part of stringer around 60MPa, 8MPa 
and 2MPa at each ratio. When power-law rheology is used, Figure 10a, 10b and 10c show 
that the small deformation also occurs at the ends of stringer due to localized compression 
and the folds are less harmonic than the ones in Newtonian rheology. The peak stress 
occurs in the central part of stringer around 6MPa, 4MPa and 2MPa at each ratio.  
 
 
 
 
 
 
 
 
 
 
Fig. 9a  The evolution of  the shallow model 
(n=1)  (viscosity ratio between salt and stringer  
 
 Fig. 9b The evolution of  the shallow model 
(n=1)  (viscosity ratio between salt and stringer  
 
Fig. 10a The evolution of  the shallow model 
(n=5)  (viscosity ratio between salt and stringer  
1:1000) 
 Fig. 10b The evolution of  the shallow model 
(n=5)  (viscosity ratio between salt and stringer  
1:100) 
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9.4.2 Model Group II 
 
In this group, we observe that the viscosity contrast between stringer and salt has a big 
impact on the stress distribution and final structure. Moreover, the stringer thickness 
causes differences in folding at the end and internal structure.  
 
Figure 11a, 11b and 11c show the thin stringer model evolution in a Newtonian law 
rheology at the viscosity ratio between salt and stringer 1:1000, 1:100 and 1:10, 
respectively. For the thin stringer, the results show the main deformation of stringer 
concentrates at the right side. Due to compression at right side, some small scale folding 
occurs. The maximum differential stress observed in the central part is around 60MPa, 
8MPa and 1MPa, respectively. Figure 12a, 12b and 12c show the stringer deforms in a 
power-law rheology (n=5) with some very minor small scale folding towards the right 
sides of the stringer. Compared to the situation n=1, the maximum differential stress in 
stringer is smaller and the value is 4MPa, 2MPa and 1MPa.  
 Fig. 9c The evolution of  the shallow model 
(n=1)  (viscosity ratio between salt and stringer  
 
 Fig. 10c The evolution of  the shallow model 
(n=5)  (viscosity ratio between salt and stringer  
1:10) 
Chapter 9 
 
207 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13a, 13b and 13c show the same situation as Figure 7a, 7b and 7c. Figure 14a, 14b 
and 14c show the same situation as Figure 8a, 8b and 8c. 
Fig. 11a  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:1000) 
Fig. 11b  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:100) 
Fig. 11c  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:10) 
Fig. 12a  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:1000) 
Fig. 12b  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:100) 
Fig. 12c  The evolution of  the thin stringer model 
(n=1)  (viscosity ratio between salt and stringer  
1:10) 
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Figure 15a, 15b and 15c show the thick stringer model evolution in a Newtonian law 
rheology at the viscosity ratio between salt and stringer 1:1000, 1:100 and 1:10, 
respectively. Similar observation like the thin stringer and the base stringer model can be 
Fig. 13a  The evolution of  the base stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 13b  The evolution of  the base stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 13c  The evolution of  the base stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 14a  The evolution of  the base stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 14b  The evolution of  the base stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 14c  The evolution of  the base stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:10) 
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seen from the results.  Fold amplitude and wavelength become larger with the thickness 
increases. The maximum differential stress observed in the central part is around 50MPa, 
7MPa and 0.8MPa, separately. When power-law rheology is used, the same change trend 
about the stringer deformation can be observed in Figure 16a, 16b and 16c. The maximum 
differential stress observed in the central part is around 6MPa, 4MPa and 2MPa, 
separately.  
 
 
 
 
 
 
 
 
 
Fig. 15a  The evolution of  the thick  stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 15b  The evolution of  the thick  stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 16a  The evolution of  the thick  stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 16b  The evolution of  the thick  stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:100) 
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9.4.3 Model Group III 
 
In the third group, we observe that the viscosity contrast strongly influence on the stress 
distribution and final structure. Moreover, the space between stringers differs folding at 
the end and internal structure.  
 
Figure 17a, 17b and 17c show the two stringer thin model evolution with two stringers 
closely spaced in a Newtonian law rheology at the viscosity ratio between salt and stringer 
1:1000, 1:100 and 1:10, respectively. The result shows the two stringers behave 
mechanically similar to one stringer due to relatively close spacing between them. Due to 
the localized compression the stringers have folds at the right end. The maximum principal 
stress around 25MPa, 4MPa and 0.6MPa occurs in the top stringer because it is close to 
the top surface. Figure 18a, 18b and 18c show the stringer deforms also similar to a single 
thick stringer in a power-law rheology. Compared to the situation n=1, the maximum 
differential stress in stringer is smaller and the value is 4MPa, 3MPa and 1.5MPa. 
Fig. 15c  The evolution of  the thick  stringer 
model (n=1)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 16c  The evolution of  the thick  stringer 
model (n=5)  (viscosity ratio between salt and 
stringer  1:10) 
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Figure 19a, 19b and 19c show the model evolution with two stringers with intermediate 
spacing in a Newtonian law rheology at the viscosity ratio between salt and stringer 
Fig. 17a  The evolution of  the two stringer thin   
model (n=1)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 17b  The evolution of  the two stringer thin   
model (n=1)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 17c  The evolution of  the two stringer thin   
model (n=1)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 18a  The evolution of  the two stringer thin   
model (n=5)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 18b  The evolution of  the two stringer thin   
model (n=5)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 18c  The evolution of  the two stringer thin   
model (n=5)  (viscosity ratio between salt and 
stringer  1:10) 
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1:1000, 1:100 and 1:10, respectively. The results show the two stringers have some small 
folding independently from each other because the salt layer between the two stringers is 
thicker compared to two stringers thin model. The maximum principal stress occurs in the 
top stringer. Large folding at the right end can be clearly seen. The maximum principal 
stress around 45MPa, 6MPa and 0.8MPa occurs in the top stringer. Figure 20a, 20b and 
20c show the stringer deforms in a power-law rheology. Compared to the situation n=1, 
the peak stress in stringer is smaller and the value is 4MPa, 2.5MPa and 2MPa.  
 
 
 
 
 
 
 
 
 
Fig. 19a  The evolution of  the two stringer base   
model (n=1)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 19b The evolution of  the two stringer base  
model (n=1)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 20a  The evolution of  the two stringer base   
model (n=5)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 20b The evolution of  the two stringer base  
model (n=5)  (viscosity ratio between salt and 
stringer  1:100) 
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Figure 21a, 21b and 21c shows the model evolution with two stringers widely spaced in a 
Newtonian law rheology at the viscosity ratio between salt and stringer 1:1000, 1:100 and 
1:10, respectively. The top stringer has big fold on the right side due to compression while 
the bottom stringer has small fold due to the control by its location close to the basement. 
The maximum differential stress around 30MPa, 6MPa and 0.6MPa occurs on the top 
stringer because it is close to the top surface. When power-law rheology (n=5) is used, the 
same change trend about the stringer deformation can be observed in Figure 22a, 22b and 
22c. The maximum differential stress around 4MPa, 3MPa and 1.5MPa occurs on the top 
stringer. 
 
 
 
 
 
 
 
Fig. 19c  The evolution of  the two stringer base  
model (n=1)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 20c The evolution of  the two stringer base  
model (n=5)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 21a  The evolution of  the two stringer thick  
model (n=1)  (viscosity ratio between salt and 
stringer  1:1000) 
Fig. 22a  The evolution of  the two stringer thick  
model (n=5)  (viscosity ratio between salt and 
stringer  1:1000) 
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9.5 Discussion 
 
In the chapter, the deformation of viscous stringers is tested in an extensive environment 
by a sensitivity study including changing the parameter such as the stringer position, 
stringer thickness, stringer number and distances between stringers. It is shown that the 
stringer has different styles of folds determined by viscosity ratio and geometrical factors.  
 
In the ductile rheology model, one important thing is that the comparison between the 
numerical results of wavelength of folds and Biot-Ramberg theory is made in order to test 
the accuracy. Although the Biot-Ramberg theory is valid for homogeneous deformation, 
the tests show that the wave lengths of the folded stringer in the numerical models are still 
compatible with the theoretical viscous folding when Newtonian rheology is applied. 
Another important thing is that no strong fractures are observed and tensile strength is 
Fig. 21b  The evolution of  the two stringer thick 
model (n=1)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 21c  The evolution of  the two stringer thick 
model (n=1)  (viscosity ratio between salt and 
stringer  1:10) 
Fig. 22b  The evolution of  the two stringer thick  
model (n=5)  (viscosity ratio between salt and 
stringer  1:100) 
Fig. 22c  The evolution of  the two stringer thick  
model (n=5)  (viscosity ratio between salt and 
stringer  1:10) 
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generally not exceeded in the models with extensive environment except for the situation 
with high viscous ratio (1:1000). These patterns of ductile stringer deformation have large 
differences from the final structure of brittle stringer deformation in salt body. 
 
9.6 Conclusion 
 
We presented the results of the parameter sensitivity study of the dynamics of viscous 
inclusions in salt during downbuilding. The models provide an effective method to 
investigate complex stringer motion and deformation, including viscous extension and 
folding. Through the parameter study to evaluate the influence of stringer geometry and 
rheology on stringer folding and extension (viscosity contrast, position of the stringer, 
thickness of stringer, number of stringers, salt layer thickness between stringers), we can 
firstly conclude for the stringer deforming in tensile environment that fold amplitude 
increases with viscosity ratio in models with Newtonian rheology, meanwhile the fold 
wavelength is compatible to the Biot-Ramberg theory.  
 
Moreover, the ductile stretching of the stringers in the central part is the main pattern of 
deformation while at the ends of the stringer the stringers undergo some small folding. 
Viscous stretching in center of stringer has almost no fracturing because tensile strength is 
generally not exceeded but there are a few exceptions for high viscosity ratio (i.e. 1:1000). 
Maximum differential stress often occurs on the top one in multiple stringers. The 
localized compression in the areas to the side of the down-building sediment pod leads to 
folding at the ends of the stringers. Furthermore, when Newtonian law is used, the folding 
can be described as harmonic with a dominant wavelength according to the Biot-Ramberg 
theory. Thick stringer and high viscosity ratio leads to large wavelength. When non-
Newtonian law is used, folds are less harmonic than the ones in the situation of Newtonian 
rheology. Finally, folding amplitude is heterogeneous and strongly influenced by the 
location in the salt body. When the stringer is in deep position, the deformation is very 
little. When the stringer is in shallow position, the deformation is dominated by the top 
salt surface. The thickness of salt layer between stringers causes different folding style and 
final structure of stringer deformations.  
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10. Chapter 10: A sensitivity study on the numerical model of 
displacement and deformation of embedded viscous rock bodies 
during salt tectonics (The compressive case study from SOSB) 
 
 
10.1 Introduction 
 
In the numerical research on the extension case study about viscous stringer 
deformation and displacement in salt body during downbuilding, the models suggest 
that the main deformation pattern is ductile stretching of the stringers in the central part 
while some folding occurs towards the ends. In this chapter, we present a numerical 
model for the compression case which means that the ductile stringer deforms in a 
compressive environment. The model setup including geometries and imposed 
deformation patterns of the top salt surface are used as in the Chapter 8 (brittle stringer 
deformation models).  
 
In this research, we reported the results of the behaviour of viscous stringer in compressive 
environment through a series of groups with various stringer numbers, lengths and 
positions. Similar to the extension case, for each model geometry both possible salt 
rheologies, i.e. Newtonian (n=1) and Power-law (n=5), and three different values for the 
viscosity contrast between salt and stringer (1:10, 1:100 and 1:1000) are used. We used the 
finite element method (FEM) to model the deformation and ductile behaviour of stringers. 
We make a sensitivity study to evaluate the influence of different aspects of the model 
geometry on the evolving deformation patterns of the viscous stringers. 
 
10.2 Methods and Models 
 
10.2.1 Geomechanical modelling of salt tectonics  
 
As is explained in Chapter 8, the stringer located in a compressive environment occurs 
when it is embedded in an area between two down-building sediment pods. An assumed 
symmetrical model (Figure 1) is built with two sediment pods and the computational 
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domain is restricted to the area between the centers of the pods.  
 
 
 
 
As is introduced in Chapter 8, the model with SW-dipping basement has a width of 18 km. 
The salt initially has a thickness up to 1600 m and thins towards the NE (600 m). In the 
base model, the carbonate stringer with a length of 12 km and a height of 80 m is located 
360 m above the basement (Table 1) while this basic geometry is varied in other models. 
The passive downbuilding of two Haima pods are on the two sides of the model and 
volume of salt remains constant during deformation.  
 
In this simple model, we start with a sinusoidal shape of top salt and increase amplitude 
to 300m over time. The time duration of deformation is 3.8Ma. Table 1 shows the 
geometrical and material properties of salt and stringer. A parameter space study is 
performed to investigate the sensitivity of the stringer deformation patterns to different 
aspects of the model geometry. The details of the model geometries used in this study is 
supplied by PDO. Table 1 lists a number of key properties of the model. Table 2, 3, 4 and 
5 show the lists of various parameters in the following models.  
 
An important tool to validate the models is to compare the calculated differential stress 
with results of subgrain size piezometry using core samples of SOSB Ara salt samples 
(Schoenherr et al, 2007a).  
 
 
 
 
Fig. 1  Conceptual  Model Geometry 
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Table 1: boundary conditions, input parameter  
Parameter Value 
Width of salt body (W) 18000m 
Height of salt body (H) 1600m 
Stringer thickness (h) 80m 
Stringer length (l) 12000m 
Salt density 2040kg/m3 
Stinger density 2600kg/m3 
Salt rheology A=1.04× 10-14 MPa-5s-1, n=5 
 A=1.21× 10-13 MPa-1s-1, n=1 
Salt temperature 50°C 
Stringer elastic properties E=40Gpa, υ=0.4 
Stringer rheology A=1.04× 10-15 MPa-5s-1, n=5 
A=1.04× 10-16 MPa-5s-1, n=5 
A=1.04× 10-17 MPa-5s-1, n=5 
 A=1.21× 10-14 MPa-1s-1, n=1 
A=1.21× 10-15 MPa-1s-1, n=1 
A=1.21× 10-16 MPa-1s-1, n=1 
Basement elastic properties E=50Gpa,υ=0.4 
Basement density 2600kg/m3 
Calculation time 3.8 Ma 
 
10.2.2 A series of groups of models setup 
 
This research is mainly devoted to the further investigation of the behavior of a viscous 
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stringer in a compressive environment. The sensitivity study is related to the influence of 
the different aspects of the model geometry on the deformation patterns of the ductile 
stringers. In the sensitivity study, four groups of models varying different geometric 
properties: 
 
1) Group I consists of two base models which varies the orientations of the stringer 
embedded in salt body. Here the influence of different choice of fracture plane is evaluated.   
2) Group II consists of three models which vary the depths of the stringer within the salt 
body.  
3) Group III consists of six models, each of which contains a fixed bottom stringer and 
varies the length and location of the top stringer.  
4) Group IV consists of six models, some of which contain two or three stringers above a 
slopping basement. In this group, the number of stringers and the thickness of the salt 
layer between them are varied in the models.  
 
Model Group I (standard model) 
 
Table 2: a list of various parameters in the following models (standard  model) 
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Height of salt at 
right side 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Group I Model 
1.1 
300m 80m 600m Slope(3.17 
deg) 
3.8Ma 
Group I Model 
1.2 
300m 80m 600m Slope (3.17  
deg) 
3.8Ma 
 
In Model Group I (Figure 2.1 and 2.2), two simple model geometries are used. In Model 
1.1, the stringer is 80m thick and 12000m long, horizontally located in the model. In 
model 1.2, the stringer is 80m thick and 12000m long, parallel to the sloping basement. 
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Fig. 2.1.1 
 
Simplified standard model set-up 
in Model Group I (stringer 
paralleling to the basement) 
 
 
Fig. 2.1.2 
 
In  Model 1.1, the stringer is 
located horizontally in the 
model. 
 
 
 
Fig. 2.2.1 
 
Simplified standard model set-
up of  Model 1.2. 
 
Fig. 2.2.2 
 
In  Model 1.2, the stringer is 
located, paralleling to the 
sloping basement. 
 
 
Model Group II 
 
Table 3: a list of various parameters in the following models  
Group 
number 
Model 
number 
Distance 
to the 
basement 
Thickness 
of stringer 
Height of salt at 
right side 
Configuration 
of basement 
Time 
period of 
salt 
tectonics 
Chapter 10 
 
221 
 
Group 
II 
Model 
2.1 
100m 80m 600m Slope (3.17  
deg) 
3.8Ma 
Group 
II 
Model 
2.2 
500m 80m 600m Slope (3.17  
deg) 
3.8Ma 
Group 
II 
Model 
2.3 
300m 80m 1100m Slope (1.59  
deg) 
3.8Ma 
 
 
In this model group (Figure 3.1 and 3.2) , we change the depth of the stringer (the distance 
between the stringer and basement) and also the dip of the basement. In the first two 
models, we choose the same dip of the basement ~3.17 degrees, and vary the initial depth 
position of the stringer from 100m to 500m. In the last model we choose the dip of the 
basement ~1.59 degrees. The stringer is always 12000m long and located in the center of 
the model, horizontally oriented to the sloping basement. 
 
 
Fig. 3.1  
 
Simplified  model set-up in 
Model Group II 
 
 
                                                                                              Model 2.1 
 
 
                                                                                              Model 2.2 
 
Fig. 3.2 
 
In  Model Group II, the stringer is 
located horizontally in  deep,  
shallow position and  in the 
model with the other dip of 
basement(~1.59 degrees) 
 
Chapter 10 
 
222 
 
 
                                                                                             Model 2.3 
 
Model Group III 
 
Table 4: a list of various parameters in the following models  
Group 
number 
Model 
number 
D1 D2 L2 X2 
Group 
III 
Model 
3.1 
500m    
Group 
III 
Model 
3.2 
200m 200m 3000m 0m 
Group 
III 
Model 
3.3 
200m 200m 6000m 0m 
Group 
III 
Model 
3.4 
200m 200m 9000m 0m 
Group 
III 
Model 
3.5 
200m 200m 3000m 3000m 
Group 
III 
Model 
3.6 
200m 200m 6000m 3000m 
 
In Model Group III (Figure 4.1 and 4.2), the basement configuration is characterized by a 
500m high step in the center of the model. The stringers are oriented horizontally. In 
Model 3.1, only one stringer is located 500m above the right part basement. In other 
models, two stringers are located horizontally including the bottom stringer located 200m 
above the right part of the stringer and the top stringer with various lengths and locations. 
In Model 3.2, the length of top stringer is 3000m and located at right alignment. In Model 
3.3, the length of top stringer is 6000m and located at right alignment.  In Model 3.4, the 
length of top stringer is 9000m and located at right alignment. In model 3.5, the length of 
top stringer is 3000m and located in the center-right side of the model. In model 3.6, the 
length of top stringer is 6000m and located in the center part of the model. In each model, 
the bottom stringer is 12000m long and located in the center of the model. 
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Fig. 4.1  
 
Simplified  model set-up in 
Model Group III 
 
 
                                       
                                           
                                                                                              Model 3.1 
 
                                                                                              Model 3.2 
 
                                                                                              Model 3.3 
 
 
                                                                                              Model 3.4 
 
                                                                                            Model 3.5 
 
                                                                                            Model 3.6 
Fig. 4.2 
 
In Model Group III, the top 
stringer is located at right 
alignment ,central-right side  and  
central part of  the model. The 
length of top stringer ranges from 
3000 to 9000m. The basement 
has stepped configuration in the 
center of the model. 
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Model Group IV 
 
Table 5: a list of various parameters in the following models  
Group 
number 
Model 
number 
Nr. of 
Stringers 
T1 T2 D 
Group 
IV 
Model 
4.1 
1 100m  80m 
Group 
IV 
Model 
4.2 
1 300m  80m 
Group 
IV 
Model 
4.3 
2 100m 50m 80m 
Group 
IV 
Model 
4.4 
2 200m 100m 80m 
Group 
IV 
Model 
4.5 
3 100m 50m 80m 
Group 
IV 
Model 
4.6 
3 150m 100m 80m 
 
In Model Group IV (Figure 5.1 and 5.2), the stringers are oriented parallel to the 
basement. All stringers have the same length (12000m) and thickness (80m). In Model 
4.1, the single stringer is located 100m above the  basement. In Model 4.2, the structure is 
the same as the basic model where the single stringer is located 300m above the basement. 
In Model 4.3, two stringers parallel to the basement have small gap (50m) between each 
other. The bottom stringer is located 100m above the basement. Both stringers are 12000m 
long and 80m thick, and located in the center of the model. In Model 4.4, two stringers 
parallel to the basement have large gap (100m) between each other. The bottom stringer is 
located 200m above the basement. In Model 4.5, three stringers parallel to the basement 
have small gap (50m) between each other. The bottom stringer is located 100m above the 
basement. In Model 4.6, three stringers parallel to the basement have large gap (100m) 
among each other. The bottom stringer is located 150m above the basement.  
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Fig. 5.1  
 
Simplified  model set-up in Model 
Group IV 
 
 
                                                                                              Model 4.1 
 
                                                                                     Model 4.2 
 
                                                                                             Model 4.3 
 
                                                                                            Model 4.4 
 
 
                                                                                            Model 4.5 
 
                                                                                    Model 4.6 
Fig. 5.2 
 
In  Model Group IV, the stringer is 
located in deep and base position. 
The two stringers in the model has 
various distance between each 
other and between the bottom 
stringer and basement. 
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10.3 Results 
 
10.3.1 Model Group I (n=1 and 5) 
 
In this group, we observe that the viscosity contrast between stringer and salt has a big 
impact on the stress distribution and the final structures. Moreover, the stringer orientation 
(parallel to the basement or horizontal) causes difference in the folding of the stringer and 
internal structure.  
 
Figure 6a shows the standard model evolution at the viscosity ratio between salt and 
stringer 1:1000. The stringer has strong folding in the central part with the wave length 
2650m  which is compatible to that theoretically predicted using the Biot-Ramberg theory 
(Biot 1957, 1961; Ramberg, 1963; according to the theory, L=2πt(η/6η0)1/3=2×3.14×80× 
(1000/6)1/3=2766m.) The maximum differential stress occurs at the crest of wave around 
20MPa. Figure 6b shows the model evolution when the viscous contrast is 100. The 
stringer has strong folding in the central part with the wave length 1280m which is 
compatible to Biot-Ramberg theory (L=2πt(η/6η0)1/3=2× 3.14×80×(100/6)1/3=1283m). The 
maximum differential stress at the crest of wave is around 4MPa. Figure 6c shows the 
model evolution when the viscous contrast is 10. The stringer deforms parallel to the top 
surface with some minor folding in small scale towards the ends of the stringer. The wave 
length in the central part is 582m compatible to the Biot-Ramberg theory 
(L=2πt(η/6η0)1/3=2× 3.14×80×(10/6)1/3=596m). The maximum differential stress at the 
crest of wave is around 0.6MPa.  
 
Figure 7a shows the stringer deforms in a power-law rheology (n=5) with viscosity ratio of 
1:1000 parallel to the top surface with some very minor folding in small scales towards the 
ends of the stringer. Figure 7b shows that the stringer deforms with viscosity ratio of 1:100 
following the deformation of the top salt surface. Figure 7c shows the stringer deformation 
which has 10 times the viscosity of the surrounding salt is very similar to that observed in 
the cases with viscosity ratios of 1:100 and 1:1000. Compared to the situation n=1, the 
peak differential stress in stringer is smaller and the value is 6MPa, 4MPa and 2MPa. 
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Figure 8a shows the standard model evolution at a viscosity ratio of 1:1000. The stringer is 
located parallel to the basement.  The strong folding concentrates in the central part and 
the wave length is 2260m, the peak stress around 15MPa while the ends are relatively 
straight. Due to the orientation of the stringer and short distance to the basement compared 
to Model1a, there is not enough space around it and the deformation including wave 
length and amplitude is constraint. The wave length has around 18% error compared to the 
theoretical value 2766m. Figure 8b shows the model evolution at a viscosity ratio of 
   Fig. 6a  The evolution of  Model 1.1 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 6b  The evolution of  Model 1.1 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 6c The evolution of  Model 1.1 (n=1) 
        
   Fig. 7a  The evolution of  Model 1.1 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 7b  The evolution of  Model 1.1 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 7c  The evolution of  Model 1.1 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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1:100. Folding concentrates in the right (shallow) part of the stringer, and the wave length 
is 1280m compatible to the theoretical value 1283m, the peak stress around 3MPa. 
However, the left, deeper part of the stringer shows less deformation. Figure 8c shows the 
model evolution at a viscosity ratio of 1:10. The stringers has some small scale folding at 
the ends of the stringer with the wave length 620m which is close to the theoretical value 
596m and the peak stress around 0.5MPa. 
 
Figure 9a, 9b and 9c shows the model evolution at a viscosity ratio of 1:1000, 1:100 and 
1:10 separately. When a power-law rheology (n=5) is used, relatively small deformation 
compared to Figure 8a, 8b and 8c is shown independent of the viscosity ratio, since the 
distance between stringer and basement is relatively small and the deformation is 
restricted. 
 
 
 
 
 
 
 
   Fig. 8a  The evolution of  Model 1.2 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 8b  The evolution of  Model 1.2 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 9a  The evolution of  Model 1.2 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 9b  The evolution of  Model 1.2 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
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10.3.2 Model Group II (n=1 and 5) 
 
In the second group of models, we observe a variation of stringer position and the dip of 
the basement which influences the salt thickness distribution. The data show that distance 
between stringer and basement leads to different folding structures. 
 
Figure 10a and 10b show the model evolution with at viscosity ratios 1:1000 and 1:100 
separately. Due to the location of stringer close to the basement, the strong folding is 
influenced by the basement and the amplitude of wave decreases compared to the Figure 
1a (Model 1.1). Figure 10c shows the stringer is entirely straight except for some small 
scale folding at the left (deep) end. The peak stress occurs in the central part of stringer 
around 20MPa, 3MPa and 0.4MPa at each ratio. When Power-law rheology (n=5) is used, 
the models show only minor folding independent of the viscosity ratio, as illustrated in 
Figure 11a, 11b and 11c.The peak stress occurs in the central part of stringer around 
6MPa, 4MPa and 2MPa at each ratio.  
 
 
 
   Fig. 8c The evolution of  Model 1.2 (n=1) 
        
   Fig. 9c  The evolution of  Model 1.2 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
   Fig. 10a  The evolution of  Model 2.1 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 11a  The evolution of  Model 2.1 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
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Figure 12a shows the model evolution at the viscosity ratio 1:1000 and stringer close to 
the top surface. There is no large folding in the stringers because the stringer is located 
very close to the top salt surface. The deformation of stringer is mainly controlled by the 
top salt surface and the stringer undergoes passive bending and deforms parallel to the top 
surface. The maximum stress in the stringer is around 12MPa. The similar observation can 
be also seen in Figure 12b and Figure 12c while the peak stress is 2MPa and 0.4MPa 
respectively.  
 
Figure 13a, 13b and 13c show the stringer deformation in the salt with a Power-law 
rheology (n=5). A similar situation to Figure 12a, 12b, 12c is observed that the stringer 
deformation is parallel to the deforming top salt surface. In the case for the stringer with a 
close distance to the surface, 'roof suction' effects the deformation because the salt flow 
between the stringer and salt surface is constrained and the stringer deformation is 
determined by top surface. The peak stress occurs in the central part of stringer around 
6MPa, 4MPa and 2MPa at each ratio.  
   Fig. 10b  The evolution of  Model 2.1 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 10c The evolution of  Model 2.1 (n=1) 
        
   Fig. 11b  The evolution of  Model 2.1 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 11c  The evolution of  Model 2.1 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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Figure 14a and 14b shows the model evolution at the viscosity ratio 1:1000 and 1:100 
respectively with the dip of basement changing from 3.17 to 1.59. The strong sinusoidal 
folding occurs in the central part of stringer and the deformation is also influenced by the 
basement. The maximum stresses in the stringer are around 10MPa and 2MPa separately. 
Figure 14c shows the stringer remains straight except for small folding at two ends. The 
central part of the stringer remains straight and the peak stress is 0.4MPa. When Power-
law rheology is used, the stringer has minor folding (Figure 15a, 15b and 15c) because of 
   Fig. 12a  The evolution of  Model 2.2 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 12b  The evolution of  Model 2.2 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 12c The evolution of  Model 2.2 (n=1) 
        
   Fig. 13a  The evolution of  Model 2.2 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 13b  The evolution of  Model 2.2 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 13c  The evolution of  Model 2.2 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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the stiff salt rheology (high power exponent). . The peak stress occurs in the central part of 
stringer around 6MPa, 4MPa and 2MPa at each ratio.  
 
 
 
 
 
 
 
 
 
 
10.3.3 Model Group III (n=1 and 5) 
 
In the third group of models, the basement configuration  is characterized by a 500m high 
step in the center of the model and the stringers are oriented horizontally. The length and 
   Fig. 14a  The evolution of  Model 2.3 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 14b  The evolution of  Model 2.3 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 14c The evolution of  Model 2.3 (n=1) 
        
   Fig. 15a  The evolution of  Model 2.3 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 15b  The evolution of  Model 2.3 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 15c  The evolution of  Model 2.3 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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horizontal location of the top stringer is changed in this group. 
 
Figure 16a shows the model evolution at viscosity ratio 1:1000 between the salt and the 
stringer. We can observe there is only one strong folding in the central part and in the right 
half part the high step of basement decrease the thickness of the salt. The maximum stress 
in the stringer is around 12MPa. The wave length is 2660m compatible to the theoretical 
value 2766m. Figure 16b and Figure 16c show the model evolution at viscosity ratio 1:100 
and 1:10 separately. Small folding in the central part of the stringer is observed while the 
maximum stress in the stringer is around 3.0MPa and 0.3MPa. At the low viscosity ratio 
of 1:10 between the salt and stringer, the main deformation of the stringer is concentrated 
towards its ends. The wave length shown in Figure 16b and 16c is 1271m and 582m which 
are close to the theoretical value 1283m and 596m, respectively. When Power-law 
rheology is used in the salt, Figure 17a, 17b and 17c shows the stringer folds near the 
corner of the step configuration. 
 
 
 
 
 
 
 
   Fig. 16a  The evolution of  Model 3.1 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 16b  The evolution of  Model 3.1 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 17a  The evolution of  Model 3.1 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 17b  The evolution of  Model 3.1 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
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Figure 18a shows model evolution at the viscosity ratio 1:1000 between the salt and the 
stringer. The strong folding in the left part of the high step because the distance between 
the bottom stringer and basement strongly influences the folding of the stringer. The top 
stringer do not have obvious folding because of the short length (1/4 total length of the 
bottom stringer). The peak stress is around 10MPa. Figure 18b and 18c show the model 
evolution at the viscosity ratio 1:100 and 1:10 between the salt and the stringer separately. 
In the bottom (long) stringer there is some small folding towards the end and the top 
stringer is not strongly folded. The peak stress in the bottom stringer is 2.5MPa and 
0.3MPa respectively. When Power-law rheology is used in the salt, Figure 19a, 19b and 
19c shows the bottom stringer folds near the corner of the step configuration. The peak 
stress occurs in the central part of bottom stringer around 6MPa, 4MPa and 2MPa at each 
ratio.  
 
 
 
 
   Fig. 16c The evolution of  Model 3.1 (n=1) 
        
   Fig. 17c  The evolution of  Model 3.1 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
   Fig. 18a  The evolution of  Model 3.2 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 19a  The evolution of  Model 3.2 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
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Figure 20a shows strong folding in the left part of the high step because of the restriction 
of basement. The top stringer has no obvious folding because it has half of total length of 
the bottom one and located in the right part where the compression is not as strong as the 
central part .The peak stress in the bottom stringer is 10MPa and in the top stringer is 
5MPa. Figure 20b and 20c show a lot of small folding in the bottom stringers and no 
obvious folding in the top stringers. The peak stress in the bottom stringer is 2.0MPa and 
0.3MPa separately. When Power-law rheology is used in the salt, Figure 21a, 21b and 21c 
shows the bottom stringer folds near the corner of the step configuration. The peak stress 
occurs in the central part of bottom stringer around 6MPa, 4MPa and 2MPa at each ratio.  
 
   Fig. 18b  The evolution of  Model 3.2 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 18c The evolution of  Model 3.2 (n=1) 
        
   Fig. 19b  The evolution of  Model 3.2 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 19c  The evolution of  Model 3.2 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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Figure 22a shows the strong folding of both top and bottom stringers in the left part of the 
high step and the folding in the top stringer is obvious because there is enough space 
around it in the left half part of the model. The wave length is 2806m which is compatible 
with the theoretical value 2766m. From the wave length we can see that the stringers fold 
individually according to their individual thickness although the folding is synchronous. 
The peak stress occurring in the top stringer is 15MPa. Figure 22b and 22c shows the 
   Fig. 20a  The evolution of  Model 3.3 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 20b  The evolution of  Model 3.3 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 20c The evolution of  Model 3.3 (n=1) 
        
   Fig. 21a  The evolution of  Model 3.3 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 21b  The evolution of  Model 3.3 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 21c  The evolution of  Model 3.3 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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stringer folding in the left part of high step and top stringer has peak stress around 3MPa 
and 0.4MPa. The two figures show less harmonic folding than Figure 22a. When Power-
law rheology is used in the salt, Figure 23a, 23b and 23c shows the bottom stringer folds 
near the corner of the step configuration. The peak stress occurs in the central part of both 
stringers around 6MPa, 4MPa and 2MPa at each ratio.  
 
 
 
 
 
 
 
 
 
 
 
   Fig. 22a  The evolution of  Model 3.4 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 22b  The evolution of  Model 3.4 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 22c The evolution of  Model 3.4 (n=1) 
        
   Fig. 23a  The evolution of  Model 3.4 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 23b  The evolution of  Model 3.4 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 23c  The evolution of  Model 3.4 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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Figure 24a shows the strong folding occurs in the bottom stringer in the left part of the 
high step, and the peak stress is around 10MPa. The short length leads to no obvious 
folding deformation in the top stringer. Similar situation also occurs in Figure 24b and 
24c. The bottom stringer has big folding near high step and there is no strong folding in 
the top stringer due to the length. The peak stress is in the bottom stringer and the values 
are 3MPa and 0.4MPa respectively. When Power-law rheology is used in the salt (Figure 
25a, 25b and 25c), the bottom stringer is folded near the corner of the step configuration. 
The peak stress occurs in the central part of both stringers around 6MPa, 4MPa and 2MPa 
at each ratio. 
 
 
 
 
 
 
 
 
   Fig. 24a  The evolution of  Model 3.5 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 24b  The evolution of  Model 3.5 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 25a  The evolution of  Model 3.5 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 25b  The evolution of  Model 3.5 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
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From Figure 26a shows that strong folding occurs in both stringers in the left part of the 
high step, and the peak stress in the top stringer is around 10MPa. The deformation of top 
stringer is similar to the bottom stringer. The folding is actually synchronous, i.e. the two 
stringers behave similar to one stringer and the wave length is 2806m which is compatible 
with the theoretical value 2766m. From the wave length we can see that the stringers fold 
individually according to their individual thickness because there is a salt layer between 
them. Similar deformation occurs in Figure 26b and Figure 26c with the peak stress in top 
stringer 3MPa and 0.4MPa respectively.  The folding in Figure 26a is more harmonic than 
the ones in Figure 26b and 26c. When Power-law rheology is used for the salt, Figure 27a, 
27b and 27c shows the stringer has big folding around the corner and other part of the 
stringer almost remains straight due to the stiff rheology. The peak stress occurs in the 
central part around 6MPa, 4MPa and 2MPa at each ratio. 
 
 
 
 
   Fig. 24c The evolution of  Model 3.5 (n=1) 
        
   Fig. 25c  The evolution of  Model 3.5 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
   Fig. 26a  The evolution of  Model 3.6 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 27a  The evolution of  Model 3.6 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
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10.3.4 Model Group IV (n=1 and 5) 
 
In the fourth group of models, the same salt and basement geometry is applied with the 
variations of  the number and the location of the stringers.  
 
Figure 28a shows model evolution at the viscosity ratio of 1:1000 between the salt and 
stringer. The stringer has almost no deformation because of its proximity to the top of the 
basement. The peak stress is around 6MPa and the high stress is located in the right part of 
the stringer. The deformation characteristics of this model are dominated by the model 
geometry. Figure 28b and 28c also show very little deformation due to the thin salt layer 
below the stringer in this case. The peak stresses in the stringer are around 2MPa and 
0.5MPa, separately. Figure 29a, 29b and 29c represents that for the case of a power-law 
rheology the stringer has no obvious folding due to the restriction of the basement. The 
peak stress occurs in the right part around 4MPa, 3MPa and 2MPa at each ratio. 
 
   Fig. 26b  The evolution of  Model 3.6 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 26c The evolution of  Model 3.6 (n=1) 
        
   Fig. 27b  The evolution of  Model 3.6 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 27c  The evolution of  Model 3.6 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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Figure 30a shows the model evolution at the viscosity ratio of 1:1000 between the salt and 
stringer. The small thickness of the salt layer between the bottom stringer lead to very 
little deformation. The peak stress occurring in the stringers is around 10MPa. Moreover, 
the two stringers behave mechanically like one stringer due to the thin layer between them. 
Figure 30b and 30c shows the model evolution at the viscosity ratio of 1:100 and 1:10 
with peak stress around 3MPa and 0.3MPa separately. Some small scale folding of the 
stingers is observed in the right (shallow) part of the model. Figure 31a, 31b and 31c 
   Fig. 28a  The evolution of  Model 4.1 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 28b  The evolution of  Model 4.1 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 28c The evolution of  Model 4.1 (n=1) 
        
   Fig. 29a  The evolution of  Model 4.1 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 29b  The evolution of  Model 4.1 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 29c  The evolution of  Model 4.1 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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represent that for the case of a power-law rheology the stringer does not show significant 
change in the stringer deformation. The results suggest that the thin salt layer between the 
stringer and basement strongly controls the model evolution and stringer deformation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 32a shows the two stringers deform in the same style with strong folding since salt 
layer underlying the stringer becomes thicker compared to Figure 30a. The top stringer has 
   Fig. 30a  The evolution of  Model 4.3 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig.30b  The evolution of  Model 4.3 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 30c The evolution of  Model 4.3 (n=1) 
        
   Fig. 31a  The evolution of  Model 4.3 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 31b  The evolution of  Model 4.3 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 31c  The evolution of  Model 4.3 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
Chapter 10 
 
243 
 
 
 
 
 
the peak stress around 15MPa. It can be seen that large viscosity ratio results in strong 
folding through the comparison among the results. Figure 32b and 32 shows relatively 
little deformation in the central part of the stringers and small folding towards the ends. In 
the models, we can see the wavelength of  both stringers (2280m) are close to the one 
(2360m,1270m and 640) according to single stringer thickness (2260m,1280m,620m) (Fig 
8a, 8b and 8c). Due to the thin layer of salt between the stringers, they behave 
mechanically like one stringer, but the stringers fold individually according to their 
individual thickness. 
 
Figure 33a, 33b and 33c represent that for the case of a power-law rheology the stringers 
have no strong folding. Some deformation in the central part enlarges with the increase of 
the viscosity ratio. 
 
 
 
 
 
 
 
   Fig. 32a  The evolution of  Model 4.4 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 32b  The evolution of  Model 4.4 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 33a  The evolution of  Model 4.4 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 33b  The evolution of  Model 4.4 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
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Figure 34a shows the three stringers do not have strong folding and the peak stress around 
10MPa occurs in the stringers. At the left (deep) end of stringers an upwards bending is 
shown in Figure 34b. The stringers are bent upwards at the left (deep) end while the top 
stringer is bent downwards and the bottom stringer is bended upwards in Figure 34c. 
Figure 35a, 35b and 35c show similar deformation patterns among the three models using 
a power-law rheology The results shows that the lack of deformation of stringers is caused 
by the thin layer between stringers and the thin layer between the bottom stringer and the 
basement. 
 
 
 
 
   Fig. 32c The evolution of  Model 4.4 (n=1) 
        
   Fig. 33c  The evolution of  Model 4.4 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
   Fig. 34a  The evolution of  Model 4.5 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 35a  The evolution of  Model 4.5 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
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Figure 36a shows the three stringers have strong folding in the right part in salt since the 
thickness of salt layer between stringers and between the bottom stringer and the basement 
increases. The fold amplitude systematically changes from bottom to top and the 
amplitude varies according to linear trend because the value are 103m, 129m and 154m, 
respectively. The top stringer has peak value around 25MPa in the top stringer. Figure 36b 
shows that in addition to the bending of the stringer ends there is also some folding in the 
central part of the stringers. An increase in the fold amplitude is observed from the bottom 
to the top stringer. Figure 36c shows the deformation towards the ends and top stringer has 
been viscously shortened compared to the ones below. Figure 37a, 37b and 37c show the 
deformation patterns are very similar for the all three models using a power-law rheology, 
independent of the viscosity contrast.  
 
   Fig. 34b  The evolution of  Model 4.5 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 34c The evolution of  Model 4.5 (n=1) 
        
   Fig.35b  The evolution of  Model 4.5 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 35c  The evolution of  Model 4.5 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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10.4 Discussion 
 
We presented an approach to numerical model the deformation of viscous layers 
embedded in extensive environment of ductile salt (Chapter 9). In this chapter, we 
discussed how the different geometrical aspects influence the deformation patterns of 
stringers in compressive environment. During the evolution of the salt diapir, the viscous 
stringers have different styles of folding determined by viscosity ratio and geometric 
   Fig. 36a  The evolution of  Model 4.6 (n=1)  
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 36b  The evolution of  Model 4.6 (n=1)   
(viscosity ratio between salt and stringer  1:100) 
   Fig. 36c The evolution of  Model 4.6 (n=1) 
        
   Fig. 37a  The evolution of  Model 4.6 (n=5) 
(viscosity ratio between salt and stringer  1:1000) 
   Fig. 37b  The evolution of  Model 4.6 (n=5) 
(viscosity ratio between salt and stringer  1:100) 
   Fig. 37c  The evolution of  Model 4.6 (n=5) 
(viscosity ratio between salt and stringer  1:10) 
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factors. Large differences of deformation patterns of stringers are shown between the 
compressive and extension environment. The compressive environment produces high-
amplitude folding in the central part at large viscosity contrast when it is compared to the 
extension environment. 
 
In the sensitivity study of embedded rock bodies in compressive environment, the 
observed wave length of the folded stringer is compared with the wavelength theoretically 
expected from the Biot-Ramberg theory of viscous folding. Through the comparison 
between the numerical and theoretical results, the wave lengths are compatible to the 
theory in most of single stringer models. In Model 1a and 1b, the smallest error (Fig. 1b) 
between numerical (1280m) and theoretical result (1283m) is 0.2% and the largest error is 
around 18% (Fig.3a) due to the lack of enough space around the stringer. For multiple 
stringer case, the wave lengths are also compatible to the theory. Multiple stringers behave 
synchronous but the stringers fold according to their individual thickness rather than one 
thick stringer. Meanwhile, no strong fractures are observed and tensile strength is 
generally not exceeded in the models with compressive environment. However, there are 
some exceptions for high viscosity contrast and localized zone. 
 
10.5 Conclusion 
 
We presented the results of the parameter sensitivity study of the dynamics of viscous 
inclusions in deforming salt body - compressive environment during downbuilding. The 
models provide a practical method to investigate complex stringer motion and 
deformation, including viscous extension and folding.  
 
Through the sensitivity study, we can conclude for the stringer deforming in compressive 
environment that fold amplitude increases with increasing viscosity contrast in models 
with Newtonian rheology, meanwhile the fold wavelength is compatible to the Biot-
Ramberg theory.  Moreover, deformation pattern of the stringers is strongly dependent on 
the thickness of the salt layer above or below the stringer. The stringer deformation is 
determined by the salt surface deformation when it is located near the surface. The stringer 
has almost no deformation when it is located close to the basement. When Newtonian 
rheology is used, high viscosity contrast results in harmonic and large folding of stringers 
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deforming in the central part of salt body. Furthermore, if the situation of multiple 
stringers is concerned, the thickness of salt layer between stringers and basement and the 
thickness between the stringers have strong influence on the deformation pattern. Two 
closely spaced stringers behave mechanically similar to one stringer but the stringers fold 
according to their individual thickness. Last but not least, the stepped basement 
configuration leads to various folding amplitude of the stringer distributed on its left or 
right side. 
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11. Chapter 11:  Conclusions and outlook 
 
 
11.1 Introduction 
 
The main aim of this thesis is to establish numerical models of displacement and 
deformation of the brittle or viscous ‘stringers’ embedded in down-built salt body using a 
case study from the South Oman Salt Basin. The thesis mainly investigated by finite 
element models (introduced in Chapter 2) how differential displacement of the top salt 
surface caused by downbuilding induces ductile salt flow and the associated deformation 
of brittle stringers (both brittle and viscous material properties are discussed) embedded in 
the South Oman salt basin (Li et al., 2012a). Models suggest that brittle stringers can break 
very soon after the onset of salt tectonics. The extension can make brittle stringer to 
boudinage and fracturing and compression can make brittle stringer bending and thrusting. 
Models suggest that viscous stringers have folding and extension deformation. Models 
also show that the various aspects of the model geometry, material properties and surface 
displacement case lead to different evolution of the deformation patterns. Moreover, in the 
thesis numerical model of gravitational sinking of carbonate stringer in salt body is 
discussed and the relation between sinking velocity of stringer and salt rheology is 
investigated. Numerical method of inverting the gravitational sinking of anhydrite 
'stringers' is also established to evaluate long-term rheology of Zechstein Salt in the 
Tertiary (Li et al., 2012b). 
 
11.2 Conclusions and outlook of salt rheology research 
 
In Chapter 3, numerical modeling was done for triaxial experiments and the error due to 
the boundary condition was tested. The main work which has been done was to review 
rocksalt rheology data in laboratory experiments from published literature and establish a 
database for rocksalt rheology at 20-200°C. The summary shows that the two major 
deformation mechanisms in rock salt are dislocation creep and solution - precipitation 
creep. The one (pressure solution creep) results in Newtonian viscous rheology with a 
Chapter 11 
 
250 
 
viscosity dependent on grain size and temperature, the other (dislocation creep) results in 
power law creep with high stress exponent (n=5), here creep is mainly temperature 
dependent, following Arrhenius law derived from activation energy. For creep of salt 
under high differential stress (around 2MPa), dynamic recrystallization tends to bring the 
contributions of dislocation creep and solution - precipitation creep into balance. From the 
microstructural observation of naturally deformed salt, the differential stress is usually less 
than 2MPa (Urai et al., 2008) and power law creep can be used to describe the 
deformation. Moreover, at low stress due to the healing and necking of the grain boundary, 
rock salt deformation is only proceeded by dislocation creep while pressure solution creep 
is switched off.  
 
For the understanding of rheology, it is important to do more microstructural observation 
on the salt deformation at low stress. The active and healing mechanism for salt 
deformation can be observed. If the differential stress is much lower, grain boundaries 
tend to heal driven by interfacial energy, pressure solution creep is switched off and 
deformation can only proceed by dislocation creep, at dramatically lower strain rates. 
Meanwhile, the observation of the carbonate or anhydrite inclusions embedded in salt 
body and the modeling of gravitational sinking can be also an effective approach to 
evaluate salt rheology. Because the sinking velocity of carbonate or anhydrite block in salt 
at rest after relaxation of stresses from tectonic movement is very sensitive to the rheology 
of the surrounding salt. Dislocation creep and pressure solution creep can result in rather 
different sinking velocity and final displacement of stringers. Compared to seismic data 
from nature, it can be concluded which deformation mechanism is dominant can be 
concluded.  
 
In Chapter 4, the main aim was to evaluate how fast a carbonate stringer embedded in a 
salt body would sink due to the density contrast between the salt and the carbonate. A 
parameter sensitivity study was performed varying the geometry of the stringer, the 
density contrast between the stringer and the salt surrounding it and the ambient 
temperature of the salt at the depth location of the stringer. The model results using a 
Newtonian rheology have shown that such a salt rheology would lead to unrealistically 
high sinking velocity (more than 100m/Ma). Using a power-law rheology the results 
shows the sinking velocity in the range between 0.05mm/Ma and 120mm/Ma. Comparing 
the sinking velocities for the different parameters, the key influencing factors are the 
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stringer thickness and the density contrast between salt and stringer material. In this 
chapter, an additional aspect which was also modeled was the bending deformation of a 
sinking stringer due to the salt flow around it and the resulting stresses inside the stringer. 
The distribution of horizontal stresses in the sinking stringer is strongly dependent on its 
depth location. The difference between horizontal and vertical stress changes from top to 
the bottom of the stringer. Also, the difference between the two stresses is determined by 
the location of the stringer in salt.  
 
The discrepancy between the numerical results of sinking velocity of the stringer in 
Newtonian and power-law rheological salt suggests that the long term rheological 
behavior of the salt is, at least in some cases, quite different to what we expected from the 
laboratory derived rheological parameters. We therefore hope that future extensions to the 
numerical simulation studies presented here can be used to obtain additional constraints on 
the long term theology of salt. In Chapter 5, through investigating the stringer sinking in 
salt body we can invert the geological process and evaluate the long-term salt rheology 
since the seismic interpretation of Ara salt or Zechstein salt has been done in recent years. 
 
11.3 Conclusions and outlook of brittle stringer deformation model 
 
The main aim of Chapter 6 and 7 was to make numerical model for the contribution to our 
understanding of brittle stringer dynamics during downbuilding and to investigate how 
brittle carbonate stringers embedded in a ductile deforming salt body would fracture due to 
the stresses exerted on the stringers by the flowing salt. The model is simplified from 
seismic data and built in Abaqus. Surface displacement of top salt, iterative scheme for 
stringer breaking and adaptive remeshing techniques are applied in order to simulate the 
stringer deformation during salt tectonics. Model results show that the stringer tends to 
break early during the deformation process. Ongoing boudinage is caused by the salt flow 
around the stringers. Rotation and bending of the stringers is caused by vertical 
components of the salt flow. From the parameter space study, the location and the 
thickness of stringer are dominant factors comparing the timing and the number of 
fractures in the different models.  
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The difficulty in the model is that standard finite element method does not handle fracture 
and we need combination of viscous salt and brittle fracture of carbonate or anhydrite 
rock. We use iterative procedure to model breaks through a series of steps. We monitor the 
stress in the stringer during simulation. When we detect that the failure criterion is first 
exceeded in part of stringer, we manually 'break' the stringer and replace material at the 
break part. Then we re-run simulation with fragmented stringer until failure criterion is 
exceeded, next manual break and repeat until final deformation. In the meantime, we test 
the break width does not leads to the location of the next step but a little time extension.   
 
As the outlook of the numerical modeling on the brittle layers, the coupling of the two 
methods (FEM and DEM) can be considered in order to model boudinage (the brittle 
fracture and surrounding salt flowing into break until making disconnection) since the 
discrete element method to model the process of crack propagation and breakage 
(disconnection) of carbonate stringer and finite element method can be applied to model 
salt flow.  
 
The other difficulty is to model passive tectonic process 'downbuilding'. In our research, 
the 'downbuilding' process is assumed and a surface displacement is explicitly applied. We 
apply displacement boundary condition at top of salt. The deformation rates are derived 
from sediment thickness in seismic process and we assume constant rate of vertical top 
salt displacement. We assume pure vertical displacement. We also apply force supplement 
at bottom of basement to keep gravity pressure on the model. In the future, the 
'downbuilding' process needs to be thought about modeling through movement of 
overburden automatically during the tectonics process. (The initial perturbation is needed 
to induce large deformation). 
 
The main purpose of Chapter 8 was to investigate the deformation patterns of a brittle 
carbonate stringer embedded in a ductile deforming salt for the case of a stringer located in 
a compressive environment. The deformation patterns in the compressive environment are 
significantly more complex (i.e. thrusting, stacking and bending of stringer fragments 
shown in Chapter 8) than in the extensive environment, in particular if multiple stringers 
are present or if the basement geometry is not straight.  
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One thing which needs to be considered in the compressive model is the choice of one of 
the two possible conjugate failure planes. In Chapter 8, three model calculations with both 
possibilities of conjugate failure planes demonstrate that the orientation of the initial break 
can influence the location and timing of subsequent fractures and deformation. For the 
further investigation of the brittle stringer deformation in compressive environment, all the 
models can be calculated with both two possible conjugated failure planes for each stinger, 
in particular for multiple stringer model. The large number of possibilities in the model 
with n breaks is 2n. Because the models with multiple stringers show that due to the 
thrusting of stringers over each other very complex arrangements of stringer fragments can 
develop. 
 
11.4 Conclusions and outlook of viscous stringer deformation model 
 
The main purpose of Chapter 9 and 10 was to evaluate how the stringers would deform 
inside the deforming salt body in case of a ductile rather than a brittle stringer rheology. 
For this case the observed wave length of the folded stringer was compared with the 
wavelength theoretically expected from the Biot-Ramberg theory of viscous folding. 
Model results shows that the viscous contrast between stringer and salt determines the 
amplitude of folding. The style of the deformation is clearly dependent on the location of 
stringer within the salt body. Thin salt layer between the stringer and basement causes less 
deformation while the deformation of stringer can be dominated by the top salt surface 
when the stringer is close to it. Moreover, different orientation of the stringer embedded in 
salt can lead to different deformation styles. In addition, the distance between the stringers 
and the configuration of basement also results in different deformation patterns. 
 
In this model, both stringer and salt which are considered as viscous material have ductile 
behaviour with large deformation and displacement. For the further research, instead of 
the standard finite element method, other code package or software can be chosen with the 
function of mesh-independent techniques to model large displacement and deformation of 
viscous material. More seismic data and detail information can be obtained for the deep 
understand the viscous stringer deformation in diapiric salt. For instance, multiple salt 
layers rather than homogeneous salt material can be modeled and deep understand of the 
relation between salt layer and stringers can be investigated.  
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11.5 Outlook of the research of stringer deformation and displacement 
in salt tectonics 
 
In future work, it needs to be attempted to include the ductile behaviour of the stringer 
into the numerical model by considering visco-plastic material properties for the stringers 
in addition to the elasto-plastic material. In reality, the brittle and ductile behaviour of 
stringer is not independent and often occurs simultaneously in the geological process. In 
the extension environment, the stringer will undergo tensile deformation and boudinage 
while viscous folding will occur in the compressive environment. Breaking will possibly 
occur at the same time.  
 
Although the basic principles for the onset of boudinage have been recognized for a long 
time, not many researches (Abe et al., 2012) have covered the whole boudinage process 
from fracture initiation to post-fracture block movement. Strong numerical tools remain 
to be improved including the development of new approach, in particular, the coupling 
model of finite element method for large-scale salt deformation and discrete element 
method for brittle stringer fracture simulation. Moreover, the details of the evolution of 
the boudin-neck and the evolution of pore pressure in the stringers are also not yet 
captured. The evolution of pore pressure and effective pressure of carbonate rock remains 
to be taken into consideration for the development of numerical model.  
 
Various constitutive laws can be applied in numerical modeling in order to invert 
geological process with long-term rheological behaviour with gravitational sinking 
inclusions (ef. stringers). More complex numerical models based on future 2D or 3D 
seismic interpretations would be established for making integration with diagenetic 
analysis for the salt basin evolution in the study area. 
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